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RLE Progress Report No. 133

Cover and title page: In 1991, we celebrate two big anniversaries—the RadLab’s 50th and RLE’s 45th.
The Research Laboratory of Electronics, which was established in 1946, grew out of MIT's wartime Radi-
ation Laboratory (1940-45). In honor of the milestones that we are sharing this year, the cover of RLE
Progress Report No. 133 notes the rich tradition of communications research in RLE.

In the early days of RLE, former RadlLab staff member Professor Jerome B. Wiesner, collaborating with
Professors Yuk Wing Lee and Norbert Wiener, developed practical applications for the theory of nonlinear
systems. By combining the methods and techniques of mathematicians and communication engineers, the
study of communication theory in RLE was not confined to electrical systems.

As new theories of modern communication were introduced in the 1950s, they were applied to new
studies of the nervous system. Professor Walter A. Rosenblith worked with Professor Norbert Wiener to
apply statistical communication techniques to the field of communication biophysics. This research estab-
lished quantitative relations between neuroelectric data and the characteristics of sensory stimuli.

This tradition continues today. For example, members of RLE's Auditory Physiology Group are studying
the sound-induced motions of mechanically sensitive cells (hair cells) in the inner ear, which contain
microscopic hairs that vibrate when the ear is stimulated by sound. These vibrations are transduced by the
hair cells to excite nerve fibers that carry the information about the sound stimulus to the brain. Shown on
the cover is a scanning electron micrograph of the microscopic sensory hairs of a lizard, prepared by Dr.
Ruth Anne Eatock. Approximately 60 hairs project from each sensory receptor cell, and the receptor cells
are organized by length (2 t0 20 microns for the cells shown) in an orderly staircase array. The mechan-
ical properties of these sensory hairs play an important role in determining the neural code for sound.

Dr. Eatock, a former postdoctoral fellow in RLE under the direction of Professor Thomas F. Weiss, is pres-
ently an Assistant Professor in the Physiology Department at the University of Rochester.

Our special thanks to the following staff members of the RLE Communications Group: Mary J. Ziegler
for her exceptional editing, formatting, and scanning; Mary S. Greene for proofreading and preparation of
the publications and personnel chapters; and Rita C. McKinnon for her help with proofreading. We also
want to thank David W. Foss, Manager of the RLE Computer Facility, for his technical assistance.

We thank the faculty, staff, and students of RLE for their generous cooperation.
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Photography: John F. Cook

Printer: DS Graphics, Pepperell, Massachusetts
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Introduction

The Research Laboratory of Electronics

The Research Laboratory of Electronics (RLE) was established in 1946 as the Institute’s
first interdepartmental laboratory. Originally organized under the joint sponsorship of
the Departments of Fhysics and Electrical Engineering, RLE has broadened its interests
to cover a wide range of research.

The RLE environment provides both the freedom of action essential in an academic
institution and the availability of large-scale laboratory facilities and services required by
researchers. RLE’s interdisciplinary setting offers many opportunities for creative and
collaborative research. By fostering this powerful combination of research and educa-
tion, RLE effectively penetrates beyond the horizon of new ideas and information.

RLE Progress Report

RLE Progress Report Number 133 describes research programs at RLE for the period
January 1 through December 31, 1990. Each chapter of the Progress Report contains
both a statement of research objectives and a summary of research efforts for research
projects listed. Faculty, research staff, students and others who participated in these
projects are identified at the beginning of each project, along with sources of funding.

There are three appendices at the end of the report: Appendix A is a bibliography of
RLE publications and papers presented by RLE staff during 1989; Appendix B is a roster
of current RLE staff, and Appendix C is an index of RLE sponsors. In addition, the
Project Staff and Subject Index provides access to the information in this report.

RLE Progress Report Number 133 was produced by the RLE Communications Office.
Further inquiries may be addressed to:

Research Laboratory of Electronics
Communications Office
Room 36-412
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139-4307
Tel. (617) 253-2566
Fax (617) 258-7864
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Chapter 1. Submicron Structures Technology and Research

Chapter 1. Submicron Structures Technology and
Research

Academic and Research Staff

Professor Henry i. Smith, Professor Dimitri A. Antoniadis, James M. Carter, Professor Jesus A. del Alamo,
Professor Marc A. Kastner, Professor Terry P. Orlando, Dr. Mark L. Schattenburg, Professor Carl V.
Thompson, isobe Takashi

Visiting Scientists and Research Affiliates

Dr. Khalid Ismail,’ C.T. Liu,2 Yang Zhao?

Graduate Students

Phillip F. Bagwell, Martin Burkhardt, Gregory A. Carlin, William Chu, Kathieen R. Early, Christopher C.
Eugster, Hao Fang, Stuart B. Field, Jerrold A. Floro, Reza A. Ghanbari, Hang Hu, Harold Kahn, Yao-Ching
Ku, Arvind Kumar, Ady Levy, Yachin Liu, Hai P. Longworth, Udi E. Meirav, Alberto M. Moel, Haralabos
Papadopoulos, Samuel L. Park, George E. Rittenhouse, John H.F. Scott-Thomas, David G. Steel, Lisa Su,
Siang-Chun The, Kenneth Yee, Anthony Yen

Undergraduate Students

JoAnne M. Gutierrez, Chee-Heng Lee, Kenneth P. Lu, Euclid E. Moon, Pablo Munguia, Lee-Peng Ng,
Daniel B. Qlster, Shahir R. Salyani, Flora S. Tsai, Lead Wey

Technical and Support Staff

Donna R. Martinez, Mark K. Mondol, Jeanne M. Porter

1.1 Submicron Structures 1.2 Microfabrication at
Laboratory Linewidths of 100 nm and
Below

The Submicron Structures Laboratory at MIT
develops techniques for fabricating surface struc-
tures with linewidths in the range from nanometers Sponsors

to micrometers and uses these structures in a Joint Services Electronics Program

variety of research projects. These projects of the Contract DAALO3-89-C-0001

laboratory, which are described briefly below, fall National Science Foundation

into four major categories: (1) development of Grant ECS 87-09806

submicron and nanometer fabrication technology;

(2) nanometer and quantum-effect electronics; (3) Project Staff

crystalline films on non-lattice-matching sub- . -

strates; and (4) periodic structures for x-ray optics, Martin Burkhardt, James M. Carter, William Chu,
spectroscopy and atomic interferometry. Kathleen R. Early, Reza A. Ghanbari, Yao-Ching

Ku, Alberto M. Moel, Dr. Mark L. Schattenburg,
Professor Henry |. Smith, Siang-Chun The,
Anthony Yen

A variety of techniques for fabricating structures
with characteristic dimensions of 0.1 gm (100 nm)
and below are investigated. These incliude: x-ray
nanolithography, holographic lithography, achro-

1 IBM Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York.

2 Princeton University, Princeton, New Jersey.
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matic  holographic lithography, electron-beam
lithography, focused-ion-beam lithography,
reactive-ion etching, electroplating, and liftoff.
Development of such techniques is essential if we
are to explore the rich field of research applications
in the deep-submicron and nanometer domains.

X-ray nanolithography is of special interest
because it can provide high throughput and broad
process latitude at linewidths of 100 nm and
below. Figure 1 shows the replication of a 100
nm period grating (40 nm linewidths) using the C;
x ray at 4.5 nm. We are developing a new gener-
ation of x-ray masks made from inorganic mem-
branes, primarily SiN,, in order to eliminate pattern
distortion and avoid mask breakage during han-
dling. Figure 2 shows our most recent mask archi-
tecture. The mesa rim is composed of Si (what
remains of a Si wafer that has been etched away).
The SiN, membrane is under moderate tension and
is optically flat to better than 0.25 um.

X-Ray Nanolithography

100nm-period grating in
PMMA exposed with
Ck x-ray (A =4.5nm)

Figure 1. Scanning electron micrograph of a 100
nm-period grating (40 nm lines, 60 nm spacers)
exposed in PMMA using the Cy x-ray (4.5 nm) and a
mask made with tungsten absorbers. Previously, the
finest grating period replicated was 200 nm, aithough
linewidths below 30 nm are routinely replicated.
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To achieve gaps of 5 um and below, we can use
spacer studs on the mesa rim. Such gaps are rou-
tinely achieved and allow us to replicate sub-100
nm features using the Cu, line at 1.34 nm. To
achieve multiple-mask alignment we currently use
a dark field optical imaging system. In the future,
in order to produce alignments compatible with 50
nm linewidths, we will fix the mask-sample gap at
4 ym, translate the mask piezoelectrically, and
detect alignment to < 10 nm by a dual-grating
interferometric scheme.

Phase-shifting x-ray masks should permit us to
achieve sub-50 nm linewidths at gaps ~ 4 um. in
previous studies, we showed that a pi-phase-
shifting mask improves process latitude by
increasing the irradiance slope at feature edges.
For linewidths below 50 nm, we bring the mask
membrane into soft contact with the substrate by
electrostatic means.

A variety of techniques are used to pattern the
x-ray masks including e-beam lithography,
focused-ion-beam lithography (FIBL), holographic
lithography and sidewall shadowing. Figure 3
shows the process used, and figure 4a shows the
result of e-beam lithography in a collaborative
effort with S. Rishton of IBM. Using a single-layer
resist, 250 nm thick, we were able to expose
50 nm lines and spaces of a quantum-effect
device pattern and subsequently electroplate 200
nm of gold, suitable for the Cu,_ x-ray at 1.34 nm.
Reduced electron back-scattering from the 1

Mask for Soft X-Ray Lithograph
(A=13nm)

Memb-are

(Opricaily flat)
S  mesa
Fan /

Ay or w
acscroer

200 nm Au or
250 nm w Ter
10 ab

12 um ?

St. S1C, SNy,

or dtamong
Figure 2. Schematic of the mesa-rim x-ray mask
architecture. The mesa rim is composed of Si etched
from a Si wafer that had been anodically bonded to the
pyrex frame. The membrane is stress-controlled SiN,.
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E-Beam Lithography
(Single Resist Layer)

E-beam Exposure (50keV)

—— — o AU Plating
? ; ] 1w - base

-a— SNy
membrane

Au Plating (200 nm- thick)
—{}=— 50 nm

200 nm of Au—10 dB atten. @ 1.34 nm

Mask Replication

Cu_ x-rays (1.34 nm)

Mother mask

/ A
A \‘-

Daughter Mask

PMMA

Plating base >
\ SiN, )

PRESTFET daughter mask was made withG = 0. The two
membranes were held together electrostatically.

Figure 3. Schematic depiction of process used to make x-ray masks of 50 nm lines and spaces. The e-beam
lithography depicted (left) achieves fine pitch by virtue of the thin (1 um) s ibstrate which reduces backscattering.
The electroplating (right) is done under conditions that produce zero stress.

um-thick SiN, membrane played a crucial role in
achieving such a result. This mask was then repli-
cated with x rays and the “opposite polarity”
pattern obtained (figure 4b).

We have further developed the achromatic holo-
graphic lithography (AHL), which enables us to
achieve 100 nm period gratings (50 nm nominal
linewidth). New anti-reflection resists have been
developed and tested. This technology will be
used to make gratings for x-ray spectroscopy and
atom beam interferometry, and to fabricate new
classes of quantum-effect electronic devices.

1.3 Improved Mask Technology
for X-Ray Lithography

Sponsors

Semiconductor Research Corporation
Contract 90-SP-080

U.S. Navy - Naval Research Laboratory
Contract NO0014-90-K-2018

FProject Staff

JoAnne M. Gutierrez, Yao-Ching Ku, Kenneth P.
Lu, Lee-Peng Ng, Shahir R. Salyani, Professor
Henry |. Smith, Lisa Su, Flora S. Tsai, Lead Wey

In order to utilize x-ray lithography in the fabri-
cation of submicron integrated electronics, dis-
tortion in the x-ray mask must be eliminated.
Distortion can arise from stress in the absorber,
which is usually gold or tungsten. Tungsten is
preferred because it is a closer match in thermal
expansion to Si, SiC, SiN, and other materials used
as mask membranes. However, W is usually under
high stress when deposited by evaporation or
sputtering. Earlier, we demonstrated that for a
given type of substrate, zero stress (i.e., less than 5
x 107 dynes/cm?) can be achieved by contioiling
the sputtering pressure to within one-tenth of a
militorr. This year we have developed a computer-
controlled system for monitoring /in situ, during
deposition, the stress in sputtered W on x-ray
mask membranes. Stress is determined from the
resonant frequency of the membrane. By moni-
toring the membrane resonant frequency during
deposition and taking into account the mass
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. "Daughter” Mask Made by
i r):;Rauﬂ"lz:‘sk Madgwnth ] X-r ithoarapt nd Au Platin

50 nm

50 nm _>”‘_

_—

\

¥

Figure 4. (a) Scanning electron micrograph of the absorber pattern on an x-ray mask, fabricated by the process
depitcted in figure 3. The lines and spaces are ~ 50 nm. (b) Scanning electron micrography of a “daughter” x-ray
mask made by replication of the mask in (a) followed by electroplating. The 50 nm lines and spaces are preserved in
this replication process.

loading and temperature shifts, we can achieve 1.4 Study of Electron Transport
zero stress (i.e., below 5 x 107 dynes/cm?). . .
ress (i.e.. below 5 x 107 dynes/cm?) in Si MOSFETs with

We are also investigating mask membranes . H
including: SiN,, SiC, and laminates of SiO3/SisN,. Deep Submicron Channel

The strongest membranes were Si rich SisN;. A Lengths
1.2 um thick membrane of this material can sustain

a full atmosphere pressure differential across a Sponsor

span of 20 mm. Because of its unusual strength Joint Services Electronics Program

we now use SiN, as a vacuum window, 20 mm in Contract DAALO3-89-C-0001

diameter. We have also investigated the radiation

hardness of SiN, (in collaboration with the Univer- Project Staff

sity of Wisconsin) and found very minour changes

in resonant frequency as a result of over one Professor Dimitri A. Antoniadis, Gregory A. Carlin,
million equivalent x-ray exposures. Hao Fang, Hang Hu, Professor Henry 1. Smith,

Siang-Chun The
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We have continued to use x-ray lithography to
fabricate NMOS devices with effective channel
lengths down to 50 nm. As channel lengths
decrease below about 150 nm, velocity overshoot
has been observed both at room and liquid
nitrogen temperatures. It appears that a necessary
condition for this phenomenon is high surface
mobility which we have achieved in our devices by
utilizing a sharp, retrograde doping of the channel.
Our initial devices used a single, moderately deep
boron ion implant followed by a very short thermal
activation step that also grew the gate oxide.
More recently, we have used indium implants to
achieve improved results. Indium, by virtue of its
heavier mass, gives much sharper retrograde
doping than boron. Also, it is a slower diffuser
than boron, allowing more flexibility in subsequent
thermal processing. Finally, it tends to segregate
and diffuse through silicon dioxide, and thus it is
better suited to give a low interface doping con-
centration.

Record saturated transconductances (710
mS/mm) were obtained with the new In-doped
devices. This underscores the achievement of
increased surface mobility with the steeper
retrograde channel doping. Velocity overshoot
and reduction of impact ionization rate with
channel length reduction, which were observed
earlier in boron-doped NMOS devices, were also
observed in the In-doped devices.

During this reporting period we have also devel-
oped a technology for self-aligned silicided NMOS
device fabrication. We have used cobalt deposi-
tion on the exposed silicon of source/drain and
gate electrodes, with a subsequent two-step
(450°C and 750°C) rapid thermal annealing, to
form CoSi, self-aligned to the exposed silicon.
Thin oxide or silicon nitride spacers around the
gate electrode have been used to prevent shorts
between sources/drains and gates. These process
improvements were tested first with conventional
lithography where the short gate was achieved by
resist erosion in an O, plasma after resist exposure
and development. More recently, an inorganic
x-ray mask technology was developed and has
allowed us to use x-ray lithography for the defi-
nition of the gates. Fabrication of devices with the
new technologies is now in progress.

Work is also in progress to develop a corre-
sponding deep-submicron self-aligned PMOS
process. This should give us 100 nm-channel-
length CMOS circuits fabricated by an x-ray litho-
graphy technology compatible with commercial
mass production.
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1.5 Studies of Electronic
Conduction in One-Dimensional
Semiconductor Devices

Sponsors

Joint Services Electronics Program
Contract DAAL03-89-C-0001

Nationa! Science Foundation
Grant ECS 85-03443

Project Staff

Professor Dimitri A. Antonaidis, Stuart B. Field,
Professor Marc A. Kastner, Samuel L. Park, John
H.F. Scott-Thomas, Professor Henry |. Smith

Sophisticated processing techniques and advanced
lithography have allowed us to enter what we
believe is a fundamentally new regime in the study
of electronic conduction in one-dimensional
systems. A siotted-gate MOSFET structure (figure
5) was used to produce an electron gas at the
Si/Si0, interface beneath the gap in the lower-
gate. This was done by biasing the upper gate
positively, while keeping the slotted gate just
below threshold. Fringing fields .round the iower
gate confined the electron gas to a width substan-
tially narrower ( ~ 25 nm) than the distance sepa-
rating the two halves of the slotted gate
( ~ 70 nm). The slotted gate was produced using
x-ray nanolithography and liftoff. It was com-
posed of refractory metals to allow a subsequent
high temperature anneal. This anneal removed
damage created by the e-beam evaporation of the
refractory metal, so that the electron gas had a
mobility of 15,000 cm?/V-sec at 4.2K. The elec-
trical conductance of the 1-D gas was measured
as a function of the upper gate voltage for temper-
atures less than 1K, and a surprising series of peri-
odic oscillations was seen in the conductance
(figure 6).

Changing the gate voltage can be thought of as
changing the number of electrons per unit length
of electron gas. Since the conductance is
thermally activated, the oscillations reflect a peri-
odic change in the activation energy of the elec-
tron gas as the electron density is changed.
Computer simulations solving Poisson’s equation
and the single particle Schrodinger wave equation
strongly suggest that the electron gas is dynam-
ically one-dimensional when the oscillations are
most strongly seen. That is, the electrons are in
the lowest quantum energy level of the potential
well created by the fringing fields of the slotted
gate.

1
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upper gate (Al)

second oxide
(CVD)

——refractory metal

slotted gate
~gate oxide

—=j fe— 70nm

1 f

> inversion region

(a)

source

2

= k_30nm

70 nm inversion region

[

%’

siotted
gate

drain (b)

i

Figure §. (a) Schematic cross section and (b) top
view of the sliotted-gate device. The inversion layer,
formed by the positively biased upper gate is confined
by the lower gate. The thermal oxide and refractory
metal lower gate are both 30 nm thick, and the chem-
ical vapor deposition oxide is 45 nm thick. The width
of a narrow inversion layer is exaggerated in (b).
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The period of the oscillations varies randomly from
device to device. Additionally, the period changes
when the same device is heated to room temper-
ature and then cooled. This suggests that impuri-
ties are responsible for the conductance
oscillations. The impurities delimit a segment of
the channel that is capacitively coupled to the
gates of the device. The electrostatic energy
required to move an electron into this segment
(and hence carry current) changes periodically
with the gate voltage. This so-called Coulomb
Blockade model of the oscillations is strongly sup-
ported by recent experiments in similar GaAs
devices. It should be stressed that these oscil-
lations are seen with no magnetic field, implying
that the phenomenon is fundamentally different
from phenomena requiring Landau quantization
{such as the Quantum Hall Effect).

JF
2 um Long
= T $ 100 mK
c 2F
L
1 1
0 v . v .
8.40 B.45 8.50 8.55
V, (Volts)
]
3
a
Do, \
0 100 200 300
1/, (Volts™")

Figure 8. Top Panel. Conductance G versus gate
voltage Vg for a 2 um-long inversion layer. Bottom
panel. Fourier power spectrum of the top panel data.




1.6
Lateral-Surface-Superlattice
and Quantum Wire Arrays in Si

Sponsors

Joint Services Electronics Program
Contract DAAL03-89-C-0001

U.S. Air Force - Office of Scientific Research
Grant AFOSR 88-0304

Project Staff

Professor Dimitri A. Antoniadis, Phillip F. Bagwelli,
Professor Terry P. Orlando, Professor Henry |
Smith

We have been studying quantum mechanical
effects in electrical conduction using the silicon
grating gate field effect transistor (GGFET). The
Si GGFET is a dual stacked-gate MOS type struc-
ture in which the gate closest to the inversion layer
(bottom gate) is a 200 nm period grating made of
refractory metal. A SiQ, insulating layer separates
the grating gate and the inversion layer from a
second continuous aluminum gate (top gate).
Using this dual gate structure, we can gradually
vary the electron geometry in the inversion layer
from many narrow wires in parallei, to a superlat-
tice, and to a two-dimensional electron gas.

Electron weak localization becomes much more
pronounced as the device is electrostatically
pinched “‘om a 2D inversion layer into many
narrow 1L wires in parallel, proving that the wire
width can be reduced below the electron phase
coherence length. For fixed intermediate magnetic
field of 1-10 Tesla, there is a large drop in the
current of 90% or more, which persists to room
temperature as electrons are added to the device,
so that it opens electrostatically from many narrow
inversion layers in parallel into a 2D electron gas.
This is due to electrostatically changing the
boundary conditions on the classical Drude
magnetoconductance tensor from those of a long
and narrow to a short and wide MOSFET. At high
magnetic fields edge states form in the wire array,
so that the conductance versus gate voltage
evolves into Hall steps having a height of 4e?/h
mulitiplied by the number cf wires in parallel. In
contrast to a wide MOSFET, the conduction band
valley degeneracy is not resolved, giving rise to
Hall steps of twice the expected size.
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1.7 Study of Surface
Superlattice Formation in
GaAs/GaAlAs Modulation
Doped Field-Effect Transistors

Sponsor

U.S. Air Force - Office of Scientific Research
Grant AFOSR 88-0304

Project Staff

Professor Dimitri A. Antoniadis, Martin Burkhardt,
William Chu, Professor Jesus A. del Alamo, Reza
A. Ghanbari, Dr. Khalid Ismail, Professot Marc A.
Kastner, Professor Terry P. Orlando, Professor
Henry |. Smith, Kenneth Yee, Anthony Yen

We have used the modulation-doped field-effect
transistor (MODFET) as a test vehicle for studying
quantum effects such as electron back diffraction
in a GaAs/AlGaAs material system. In a conven-
tional MODFET, the current transport is modulated
by a continuous gate between source a~d drain.
In our studies, we have used Schottky metal
gratings and grids for the gate, as illustrated in
figure 7. Such gates produce a periodic potential
modulation in the channel.

The grid was produced by x-ray nanolithography
and liftoff. The x-ray mask of the grid was pro-
duced by two successive x-ray exposures at 90
degrees to one another, using a master mask that
was fabricated via holographic lithography. The
latter yields coherent gratings over areas several
centimeters in diameter. A new technique was
developed that yields grating and grid patterns
only in the channel region between source and
drain. This has simplified the overall process and
enhanced its reliability.

The MODFET is normally on; that is, a negative
gate bias of about — 0.2V must be applied to
pinch off conductance from source to drain. As
the gate bias is raised above this threshold point,
the height of the periodic potential modulation is
reduced and, simultaneously, the Fermi energy is
raised (or, equivalently, the electron wavelength is
reduced) in the 2D electron gas residing at the
AlGaAs/GaAs interface. When the electron wave-
length phase-matches the periodic potential, elec-
tron back-diffraction occur provided the inelastic
length (i.e., the coherence or phase breaking
length) is longer than the grating-period. Such
back diffraction is manifested by a drop in the
conductance. A stronger back diffraction effect is
observed in the case of a grid because true mini-
gaps are formed. The measurements of conduc-
tance modulation of grating and grid-gate
MODFETs agrees with the theoretical predictions.
in the grid gate devices it was also possible to

13




Chapter 1. Submicron Structures Technology and Research

observe negative differential resistance which
GaAS/GaAlAs MODFET Lateral Surface might be due to sequential resonant tunneling.

: : s We plan to decrease the periodicity of the gratings
Superlattice (both grating and grid) and grids by a factor of two, to 100 nm period.
For devices with such fine grating periodicity, the
superlattice effect might become more pronounced
and observable at higher temperatures. We will
also conduct magnetotransport measurements with
devices of 100 and 200 nm periodicity.

We will also take advantage of a back-gate tech-
nology, illustrated in figure 8. This will give us the
ability to independently control the confining
potential experienced by the electrons, as well as
the electron density in the channel. This will allow
for much more quantitative understanding of
device operation.

SI Substrate

— T

Figure 7. Schematic cross section of a grid-gate
MODFET device. Contacts to the grid are made by
pads off to the sides of the conduction channel.

Grid/Grating/Wire Gate
PMMA

Source n - AlGaAs Drain
%
) J undoped GaAs AlGaAs spacer
7
# n* GaAs substrate #

Figure 8. Schematic showing a cross section of our new configuration for studying grid-gate or grating-gate
MODFETs and arrays of quantum wires. The substrate is n* doped, allowing us to apply a back bias to sweep the
Fermi energy while keeping the potential modulation constant.
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1.8 Study of One-Dimensional
Subbands and Mobility
Modulation in GaAs/AlGaAs
Quantum Wires

Sponsors
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U.S. Air Force - Office of Scientific Research
Grant AFOSR 88-0304

Project Staff

Professor Dimitri A. Antoniadis, Phillip F. Bagweli,
Dr. Keith Evans, Reza A. Ghanbari, Dr. Khalid
Ismail, Professor Terry P. Orlando, Professor Henry
1. Smith

in order to study one-dimensional conductivity in
the AlGaAs/GaAs modulation-doped structure, but
without the conductance fluctuations normally
associated with single microscopic systems, we
previously fabricated arrays of 100 parallel
quantum wires (MPQW) by etching the wires into
the MODFET structure. The devices were then
ground thin from the back side so that the charge
concentration in the quantum wires could be
increased by applying a positive bias to a back-
side contact or by illumination. The devices were
not optimal because the degree confinement was
set by the etch and not electrostatically. Also,
thinning the samples was haphazard at best.

To overcome these difficulties, we have developed
a technology that allows us to electrostatically
confine the electrons to QID channels. In parallel,
in collaboration with K. Evans at the Wright-
Patterson Air Force Base, we are developing the
technology to give us the backside gating by
growing the epitaxial layers on n* GaAs instead of
the traditional semi-insulating GaAs. A schematic
of the device is shown in figure 8.

Using this approach, we can explore the regime
from a regular 2D gas (Vyg ~ 0) to weakly coupled
QID wires (Vrg =~ 0.5V) to strongly isolated QID
wire (Vig < 1V), while at the same time using the
backgate to sweep the electron density and hence,
“probe” the confining potential.
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1.9 Arrays of
Field-Effect-Induced Quantum
Dots

Sponsors
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Orlando, Professor Henry 1. Smith, Dr. M.
Shayegan, T.P. Smith, Dr. Daniel Tsui, Yang Zhao

A metal grid on a modulation-doped AlGaAs/GaAs
substrate (depicted in figure 9a) produces a two-
dimensional periodic potential modulation at the
AlGaAs/GaAs interface via the Schottky effect. |f
a gate electrode is attached to the grid, the poten-
tial can be further modified with an external
voltage source. By changing the gate voltage from
positive to negative values, the potential seen by
the electrons located at the AlGaAs/GaAs interface
can be varied from uniform (in which case the
electrons behave as a 2-D electron gas), to weakly
coupled zero-D quantum wells (figure 9b), to iso-
lated zero-D quantum dots (figure 9¢c). We have
made such structures with spatial periods of 200
nm in both orthogonal directions using technology
similar to that described in Section 1.7, but now
the grid gate occupies an area of several square
millimeters. The isolated quantum dots and the
attendant zero-dimensional electronic subbands
were examined in collaboration with D. Tsui at
Princeton University using far-infrared (FIR)
cyclotron resonance. Transitions between the dis-
crete energy levels in the quantum dots were
observed as a function of magnetic field. Results
were in agreement with a theoretical model.

Currently, we are continuing our study using
extremely high gquality samples prepared by M.
Shayegan’s group at Princeton. W.ith typically
greater than 105cm?/Vsec, the resolution of the
experiments should improve dramatically.

We are currently fabricating a new set of grid-gate
MODFETS, using an improved fabrication process
and will study their transport, capacitance, and
absorption properties as a function of magnetic
field.
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Figure 9. (a) Metal grid gate on a modulation-doped
AlGaAs/GaAs substrate; (b) Depiction of potential seen
by electrons at the AlGaAs/GaAs interface for weakly
coupled quantum dots; (c) Potential for the case of iso-
lated quantum dots.

1.10
Planar-Resonant-Tunneling
Field-Effect Transistors
(PRESTFET)

Sponsor

U.S. Air Force - Office of Scientific Research
Grant AFOSR 85-0154

Project Staff

Professor Dimitri A. Antoniadis, William Chu, Dr.
Khalid Ismail, Professor Henry |. Smith

Previously, we reported on the performance of a
planar-resonant-tunneling field-effect transistor
(PRESTFET) depicted in figure 10, in which the
gate electrodes were 60 nm long and separated by
60 nm. Clear evidence of resonant tunneling
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Figure 10. (a) Layout of a 4-terminal double-barrier
planar-resonant-tunneling field-effect transistor
(PRESTFET). (b) Plot of source-drain current versus
gate voltage for a PRESTFET with 60 nm well width.

through the bound states in the well between
electrodes was observed, as shown in figure 10b.

in order to reduce the electrode separation while
retaining a large process latitude, we have chosen
to pursue a new technology for making the
PRESTFET. In collaboration with S. Rishton of
IBM, a high-performance e-beam nanolithography
system was used to write PRESTFET paterns on
SiN, x-ray mask membranes, 1 um thick. Reduced
backscattering from the thin membrane allows
finer linewidths to be obtained, as shown in figure
3. The written masks are then processed and rep-
licated at MIT. We have succeeded in making and
replicating masks with PRESTFET patterns of 50




nm linewidth. The masks can be aligned to GaAs
substrates using an adapted deep-UV aligner and
exposed with the Cu_ x-ray (1.3 nm). Liftoff of
appropriate Schottky electrodes will complete the
device fabrication.

1.11 Submicrometer-Period
Transmission Gratings for
X-Ray and Atom-Beam
Spectroscopy and
Interferometry

Sponsors

Joint Services Electronics Program
Contract DAAL03-89-C-0001
X-0OPT, inc.

Project Staff

Dr. Mark L. Schattenburg, Professor Henry |I.
Smith, James M. Carter, Anthony Yen

Transmission gratings with periods of 0.1-1.0 nm
are finding increasing utility in applications such
as x-ray, vacuum-ultraviolet, and atom-beam spec-
troscopy and interferometry. Over 20 laboratories
around the world depend on MiIT-supplied
gratings in their work, and this project constitutes
the sole source for these diffractors. For x-ray and
VUV spectroscopy, gratings are made of gold or
tungsten and have periods of 0.1-1.0 um and
thicknesses ranging from 0.1-1 um. They are most
commonly used for spectroscopy of the x-rav
emission from high-temperature piasmas. Trans-
mission gratings are supported on thin (1um)
polyimide membranes or made self supporting
("free standing”) by the addition of crossing struts
{mesh). (For short x-ray wavelengths, membrane
support is desired, while for the long wavelengths
a mesh support is prefered in order to increase effi-
ciency.) Fabrication is generally performed by
holographic lithography, x-ray lithography and
electroplating. Progress in this area tends to focus
on decreasing the period and improving the yield
and flexibility of the fabrication procedures.

Another application is the diffraction of long-de
Broglie-wavelength (0.17A) neutral sodium beams
by mesh-supported gratings. Professor Pritchard’s
group at MIT has clearly demonstrated atomic
diffraction with these gratings, and work is in pro-
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gress to use these gratings to divide and recom-
bine an atomic beam coherently, thus realizing an
atom wave interferometer. Because good spatial
coherence (low distortion) of the grating is critical
to ensure measurable interference of the beams,
efforts are concentrating on fabrication with low
stress and high stiffness materials such as
“ungsten, silicon nitride, and silicon oxide.

1.12 High-Dispersion, High
Efficiency Transmission
Gratings for Astrophysical
X-Ray Spectroscopy

Sponsor

National Aeronautics and Space Administration
Contract NAS8-36748

Project Staff

Professor Claude R. Canizares, Dr.
Schattenburg, Professor Henry |. Smith

Mark L.

This work involves a collaboration between the
Center for Space Research and the Submicron
Structures Laboratory (SSL), providing trans-
mission gratings for the Advanced X-ray
Astrophysics Facility (AXAF) x-ray telescope, cur-
rently scheduled for launch in 1998. Many hun-
dreds of low-distortion, large area transmission
gratings of 0.2 um period (gold) and 0.6 um
period (silver) are required. These will provide
high resolution x-ray spectroscopy of astrophysical
sources in the 100 eV to 10 keV band.

Because of the requirements of low distortion,
high yield, and manufacturability, a fabrication
procedure involving the replication of x-ray masks
has been selected. Masks are made of high-
stiffness silicon nitride membranes to eliminate
distortion. Masks are patterned using a process
involving holographic lithography, reactive-ion
etching, and electroplating. The masks are then
replicated using soft x-rays (10 - 15 A), and the
resulting patterns electroplated with gold or silver.
An etching step then yields membrane-supported
gratings suitable for space use. Flight prototype
gratings have been fabricated and continue to
undergo space-worthiness tests. Progress in this
area focuses on increasing the yield and fiexibility
of the fabrication procedures and perfecting
various mask and grating evaluation tests.
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1.13 Epitaxy via
Surface-Energy-Driven Grain
Growth

Sponsor
AT&T Bell Laboratories

Project Staff

Jerrold A. Floro, Professor Henry 1. Smith, Pro-
fessor Carl V. Thompson

Epitaxial grain growth (EGG) in polycrystalline
thin films on single crystal substrates is being
investigated as an alternative process for obtaining
and studying epitaxy. EGG can produce smoother
ultra-thin expitaxial films than those produced in
conventional epitaxy and may yield lower defect
densities as well. In addition, EGG can produce
unique non-latticed-matched orientations not
observed in conventional epitaxy.

The mechanism of epitaxial grain growth is simple.
The anisotropic film/single-crystal substrate
interfacial energy selects one film crystallographic
orientation as having lowest total free energy.
Grains in this orientation have the largest driving
force for growth and will predominate as the
system coarsens.

We have continued our work on model materials
systems, i.e., metails on mica and alkali halides.
We made extensive use this year of x-ray pole
figure analysis for quantitative measurement of
texture and epitaxy. Using this technique we
measured the expitaxial fraction transformed versus
film thickness, verifying the rate of EGG increases
with decreasing film thickness as predicted by
theory.

In order to achieve perfect epitaxy, the EGG
process must be highly orientation selective, with a
small fraction of iso-orientation grains in the initial
population growing extremely large. We have
shown that by proper treatment of a mica substrate
surface prior to deposition, the selectivity can be
greatly increased, and the final grain size can be as
large as 50 um, an order of magnitude larger than
previously obtained. This increased selectivity is
apparently due to modification of the mica surface
chemistry.

We have performed extensive numerical analysis of
EGG using mean field coarsening theory, we are
trying to determine under what conditions (inter-
face energy, boundary pinning, etc.) significant
selectivity in grain growth rates can occur.
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Professor Henry I. Smith explains the development of an alignment system for x-ray nanolithography that
should be capable of 100-angstrom precision.
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2.1 Coarsening of Particles on
a Planar Substrate

Sponsor
National Science Foundation

Project Staff
Professor Carl V. Thompson, Yachin Liu

Very small particles on a planar substrate can
exchange material by atomic diffusion of the par-
ticle constituent on the substrate surface. This
generally leads to an increase in the average par-
ticle size and spacing and can also lead to the
development of restricted crystallographic orien-
tations. This process can be very important in the
early stages of the formation of a thin film. We
have developed a theory to describe the evolution
of particle sizes and orientations and are testing
this theory by experimentally characterizing particle
coarsening in model systems. We have shown
that Au particles on amorphous SiN membranes
annealed in air undergo a coarsening process
which is described well by the theory for interface-
reaction-limited coarsening. We have also shown
that differences in the gaseous ambient strongly
affect the coarsening rate.

2.2 Epitaxial Grain Growth

Sponsors

National Science Foundation
U.S. Air Force - Office of Scientific Research

Project Staff

Jerroid A. Floro, H. Inglefield, Professor Carl V.
Thompson

We have demonstrated that grain growth in poly-
crystalline films on single crystal substrates can
lead to epitaxial films. This new approach to
obtaining heteroepitaxial films can lead to ultrathin
films with reduced defect densities compared to
films deposited using conventional techniques. In
epitaxial grain growth, ultrathin polycrystalline
films are deposited on single crystal substrates.
When these polycrystalline films are heated to ele-
vated temperatures, epitaxial grains with low film-
substrate interface energies grow and consume
misoriented grains. Because the initial polycry-
stalline films are deposited at low temperatures,
fully continuous ultrathin films can be obtained.
Conventional Volmer-Weber epitaxy which is
carried out at higher deposition temperatures can
not be used to obtain equivalently thin epitaxial
films. We have developed kinetic analyses for
epitaxial grain growth and are testing these ana-
lyses through experiments on model systems,

' Harvard-MIT Health Sciences Program, Cambridge, Massachusetts.

2 Thayer School of Engineering, Dartmouth College, Hanover, New Hampshtre.

3 |BM Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York.
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including Au and Ag films on mica and NaCl.
Experiments on epitaxial grain growth are pro-
viding a means of characterizing the film-substrate
interface energy, as a function of crystal orien-
tation.

2.3 Modeling of
Microstructural Evolution in
Thin Films

Sponsors

Joint Services Electronics Program
Contract DAAL03-89-C-0001
National Science Foundation
U.S. Air Force - Office of Scientific Research

Project Staff

Professor Carl V. Thompson, Harold J. Frost,
Jerrold A. Floro

We are developing analytic models for normal and
secondary grain growth in continuous thin films as
well as particle coarsening in discontinuous films.
The effects of surface or interface energy
anisotropy play especially important roles in these
processes. We have developed computer models
for film formation by crystal nucleation and growth
to impingement under a variety of conditions. We
have shown that topology and geometry of grain
structures strongly depend on the conditions of
film formation.

We have also developed a computer model for
two-dimensional grain growth. This simulation
has been modified to account for the important
effects that the surfaces of a film have on grain
growth. We have shown that when formation of
grain boundary surface grooves leads to stagnation
of normal grain growth, lognormal grain size dis-
tributions with average grain size two to three
times the film thickness result. This is in agree-
ment with well-established experimental observa-
tions. We have also successfuily modeled
abnormal grain growth caused by anisotropy of the
surface energy of grains.
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2.4 Properties of Grain
Boundaries in Zone Melted
Silicon Thin Films

Sponsor

IBM Corporation

Project Staff

Dr. Paul Evans, David A. Smith, Professor Carl V.
Thompson

We are using zone melting recrystallization (ZMR)
of thin silicon films on oxidized silicon wafers to
prepare thin film bicrystals in order to study the
electronic properties of grain boundaries in silicon.
We are correlating electronic properties with struc-
tural features, as revealed using high resolution
electron microscopy. We have found that in these
samples, (100} tilt boundaries with tiits up to 25.5
degrees are electrically inactive. This surprising
result indicates that even polycrystalline ZMR films
might be useful for silicon-on-insulator (SOI)
maijority carrier devices.

2.5 Kinetics of Thin Film
Silicide Formation

Sponsors

Hitachi Corporation
IBM Corporation

Project Staff

Professor Carl V. Thompson, Dr. En Ma, Dr. H.
Miura, King-N. Tu

Currently, there is considerable interest in the use
of refractory metals or refractory metal silicides as
interconnects, as gate materials in MOS devices
and for low contact resistance diffusion barriers at
metal-silicon contacts in integrated circuits. One
method of silicide formation is through the
reaction of metallic thin films with silicon sub-
strates or polycrystalline silicon films. This appli-
cation raises fundamental questions about the rate
and products of thin film metal-silicon reactions.

There are four critical parameters in analysis and
modeling of these reactions: (1) interdiffusivities,
(2) free energy changes, (3) surface energies, and
(4) interface reaction constants. Of these, the first
two parameters are fairly weil understood and pre-
dictable. The purpose of this project is to develop
a better understanding and predictive capability for
the last two parameters. Surface energies are
being determined through silicide precipitation
experiments and the kinetics of thin film reactions




are being studied through thermal, TEM, and x-ray
analysis of reactions in multilayer thin films.

We have used differential scanning calorimetry,
transmission electron microscopy, electron beam
microanalysis, and thin film x-ray diffractometry to
study the thermodynamics and kinetics of reac-
tions in multilayer thin films. In Pt/amorphous-Si
(Pt/a-Si), Ni/a-Si, V/a-Si and Ti/a-Si multilayers,
amorphous silicides are the first phases to form,
even though these phases are thermodynamically
stable only if crystalline silicide formation is
kinetically suppressed.

We have demonstrated that calorimetric analysis of
multilayer films can be used to detect and analyze
crystalline silicide nucleation during reactions in
multilayers. Evidence for crystal nucleation has
been observed in the cases listed above as well as
in Co/a-Si and Ni/Al multilayers in which crystal-
line phases are the first phases to form. We have
accumulated experimental and theoretical evidence
which suggests that nucleation is preceded by
interdiffusion and that it is the kinetic constraints
of these sequential processes which govern phase
selection during interfacial reactions.

We have also observed explosive reactions in
multilayer metal/a-Si films and fully crystalline
Ni/Al mulitilayers. These reactions can propagate
in a room temperature ambient at velocities over
20 meters per second. This self-rapid-thermal-
annealing process results in homogeneous films
composed of the stable high temperature product
phase.

2.6 Reliability and
Microstructures of
Interconnects

Sponsors

Joint Services Electronics Program
Contract DAALO3-89-C-0001
Semiconductor Research Corporation

Project Staff

Jaeshin Cho, Harold Kahn, Hai P. Longworth, Pro-
fessor Carl V. Thompson

We are developing new techniques which allow
statistical characterization of failure of contact vias
and interconnects for integrated circuits. We are
using these techniques to correlate failure rates
and machanisms with microstructures of intercon-
nect lines, contact diffusion barriers and via plugs.
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We are also investigating techniques for control-
ling microstructures in order to improve contact
and interconnect reliability, especially under condi-
tions which can lead to electromigration.

We have recently shown that in interconnect lines
with uniform microstructures, increasing the grain
size results in an increase of both the median time
to electromigration-induced failure and the
lognormal standard deviation in the time to failure.
The net result, in large populations of lines, is little
or no change in the time to the first failure. We
have explained these results in terms of a “failure
unit model” in which grain boundaries are taken to
be the individual units which are responsible for
the reliability of a line. The successful application
of this model indicates the importance of the prop-
erties of individual grain boundaries in controlling
interconnect reliability.

This interpretation is further supported by the
observation that interconnects with bimodal grain
size distributions (leadin y to grain size discontinui-
ties) have greatly reduced reliabilities. On the
other hand, lines which are completely free of
grain boundary triple junctions have greatly
improved reliabilities compared to lines with com-
parable grain sizes but also with triple junctions.
We are now investigating the development of
electromigration-induced damage in lines with
individual grain boundaries of controlled types and
locations. This will allow characterization of the
failure mechanisms and rates for the fundamental
units that control the reliability of interconnect
systems.

2.7 Focused lon Beam Induced
Deposition

Sponsor
IBM Corporation

Project Staff

Dr. John Melngailis, Andrew D. Dubner, Jaesang
Ro, Professor Carl V. Thompson

It is now possible to produce ion beams with
diameters as small as 500 A. This permits use of
focused ion beams for high spatial resolution
implantation, sputtering and deposition. In prin-
cipal, the latter can be used in integrated circuit
mask repair or high resolution direct writing of
interconnects. We are investigating the mechan-
isms of ion-beam-induced chemical vapor deposi-
tion from metal-bearing gases.
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2.8 Protective Coatings for
Integrated Circuits in an in
vitro Environment

Sponsor
National Institutes of Health

Project Staff
David J. Edell, Professor Carl V. Thompson

We are investigating the use of various coating
materials to prevent Na diffusion into integrated
circuits to be used in biomedical applications. We
are correlating processing conditions, microstruc-
tural characteristics and diffusion barrier properties
to develop standard methodologies for deposition
and characterization of protective coatings.
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3.1 Focused lon Beam Fabrication

The focused ion beam research program at MIT
has developed around two machines: a high
energy 150 kV system used mainly for implantation
and lithography and a 50 kV system used mainly
for development of processes related to repair of
masks and integrated circuits. The high energy
system includes automated patterning capability
over wafers up to six inches in diameter. Align-
ment of the focused ion beam writing to within
+0.1 um of existing features on a wafer has been
demonstrated. Software has been developed
which permits patterns to be transferred from the
layout system used in the Microsystems Technolo-
gies Laboratory to the focused ion beam machine.
Accordingly, this permits flexible, mixed fabrication
where standard steps have been carried out in the
integrated circuits laboratory at MIT and special
implantation or lithography steps have been carried
out on the focused ion beam system. Similar
mixed fabrication has also been carried out with
Ford Aerospace and with Raytheon Research Lab-
oratory. The ion species available for implantation
include the principal dopants of GaAs and of Si.
The minimum beam diameter available is on the
order of 0.1 um at an ion current of 20 pA. In
many of the implantation projects where the
minimum diameter is not needed, a higher beam
current can be used.

The lower energy 50 kV system has mainly been
used to develop ion induced deposition. This
technique uses a local ambient of a precursor gas,
usually organometallic or metal halide, to permit

' MIT Lincoln Laboratory, Lexington, Massachusetts.
2 Mitre Corporation, Bedford, Massachusetts.

3 M/ACom, Burlington, Massachusetts.

Mark |. Shepard, Dr. Tao Tao, Professor Carl V.

Kenneth S. Liao, James E. Murguia, Christian R.

deposition to be carried out with minimum
finewidth of 0.1 mm. The local patterned deposi-
tion complements material removal by ion milling
and is used to add missing absorber material in the
repair of photomasks and x-ray lithography masks
or to rewire local connections in integrated cir-
cuits. Our efforts have focused on gold and
platinum deposition and on understanding the
fundamentals of the process.

3.2 Tunable Gunn Diode

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL0O3-88-K-0108

Project Staff

Henri J. Lezec, Christian R. Musil, Leonard J.
Mahoney,” Dr. Alex Chu,2 Larry Chu,? Mark I
Shepard, Professor Dimitri A. Antoniadis, Dr. John
Melngailis

A tunable Gunn diode has been designed and built
using the focused ion beam to implant a doping
gradient in the direction of current flow. The
output frequency of the diode changes from 6 to
23 GHz as the DC bias across the device is varied.
The output power is in the range of —10 to —15
dBm. The devices have been extensively tested at
M/ACom. Significant power in the second and

27




Chapter 3. Focused lon Beam Fabrication

third harmonics has been measured. Using a
specia' high speed oscilloscope, the waveform of
the output has been observed. It agrees with the
triangular forms predicted by simulations. The
potential applications of the tunable Gunn diode,
which have been identified as a result of those
tests, include collision avoidance radans, electronic
countermeasures, and built-in frequency response
test circuits for GaAs monolithic microwave inte-
grated circuits.

3.3 Light Emission From
Tunable Gunn Diodes

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAALO3-88-K-0108

Project Staff

Christian R. Musil, Henri J. Lezec, Dr. George W.
Turner,* Leonard J. Mahoney, Professor Dimitri A.
Antoniadis, Dr. John Melngailis

Somewhat surprisingly, we have observed light
ernission from the tunable Gunn diodes when they
are oscillating. The light comes only from the rec-
tangular area where the Gunn domain is propa-
gating. As the frequency is changed, the length of
the rectangle changes. The spectrum of the light
is roughly Gaussian with some structure and peaks
at about 1.3 eV, which is below the 1.43 eV
bandgap. The tail of the spectrum extends into the
visible. The mechanism of emission is thought to
be avalance breakdown and the shift in the spec-
trum away from the band gap is attributed to local
heating.

4 MIT Lincoln Laboratory, Lexington, Massachusetts.
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3.4 Effect of Dose Rate on

Activation of Si Implanted in
GaAs

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL03-88-K-0108

Project Staff

Henri J. Lezec, Christian R. Musil,
Shepard, Leonard J. Mahoney,
Woodhouse,* Dr. John Melngailis

Mark |.
John D.

The instantaneous current density in focused ion
beam implantation is typically between 0.1 and
3 A/cm? while in conventional broad beam
implantation the current density is in the range of
uA/cm2. We have found that in the case of Si ion
implantation into GaAs this large difference in
current density leads to differences in the proper-
ties of the material. The implantations were gener-
ally carried out at 140 and 280 keV and with doses
varying from 1 x10'2 to 1 x 10"% ions/cm2. SIMS
analysis indicates that the broad beam implants
penetrate somewhat deeper than the focused ion
beam implants. This is thought to be due to the
fact that the high current density of the focused
ion beam causes amorphization to occur at lower
doses than in the broad beam case. Thus chan-
neling would be inhibited for focused ion beam
implantation. In addition, the sheet resistance of
conventionally implanted material saturates at a
dose of about 10'3 ions,cm? while for the focused
ion beam implants the sheet resistance (after
anneal) actually decreases above 10'3jons/cm2.
This has been further examined by Hall sectioning.
The drop-off in sheet resistance appears to be
mainly due to a lack of activated carriers above
doses of 10'3 ions/cm?, i.e., in the case of broad
beam implantation the carrier density saturates at
10'8 ions/cm3, while for focused ion beams it
actually drops. Thus for practical applications the
focused ion beam dose should be kept below
10'3 jons/cm?, or the beam should be scanned
rapidly over the area implanted.




3.5 Focused lon Beam
Implantation of GaAs MMICs
and MESFETs

Sponsor

National Science Foundation
Grant ECS 89-21728

Project Staff

Kenneth S. Liao, Christian R. Musil, Mark |.
Shepard, Dr. Tom Kazior,5 Dr. Robert Mozzi,5 Dr.
John Melngailis

A potentially cost effective application of focused
ion beams is the implantation of GaAs monolithic
microwave integrated circuits (MMICs). In some
cases MMICs require as many as five implantation
steps to be carried out during fabrication, and the
area implanted in each step may be small. With a
focused ion beam system, all implantations can be
carried out in one step. Because high resolution is
not needed and a high current ion beam can be
used, the focused ion beam implantation times are
expected to be acceptable. The first device pat-
terns have been transferred from Raytheon to MIT,
the alignment capability verified, and the first
devices implanted.

3.6 Doping Gradients in GaAs
MESFETs

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL-03-88-0108

Project Staff

Christian R. Musil, Leonard J. Mahoney, Mark |.
Shepard, Professor Dimitri A. Antoniadis, Dr. John
Melngailis

Focused ion beam implantation permits the dose
to be varied from point to point with a resolution
of 6.1 um. This may permit device optimization.
GaAs MESFETs with graded dopant distributions
under 0.5 um-iong gate electrodes have been fab-
ricated. When compared with the conventional
constant channel implant, increasing the doping
towards the source is found to significantly
increase transconductance (up to 60%) with little
effect on gate capacitance or drain current.
Reversing the gradient has the potential to

§ Raytheon Research Laboratory, Lexington, Massachusetts.
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increase power handling capabilities by increasing
the gate-drain breakdown voltage. Carrier
dynamics including Gunn oscillations have been
simulated using a nonstationary, hydrodynamic
solution to the Boltzman transport equation which
takes into account short channel effects. These
simulations have been effectively used to visualize
the influence of doping gradients and formation of
domains. Using the focused ion beam to also
expose resist and define the gate, gate lengths
down to 0.1 um have been fabricated.

3.7 CMOS Transistors
Fabricated by Focused lon
Beam Implantation and
Lithography

Sponsor

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL-03-88-0108

Project Staff

James E. Murguia, Mark |. Shepard, Professor
Dimitri A. Antoniadis, Dr. John Melngailis

Focused ion beam implantation has been used to
dope the channels of both NMOS and PMOS
transistors. A large number of geometries and
doses have been fabricated and tested. For
example, in NMOS devices, implantation of a line
dose of boron adjacent to the source causes the
maximum electric field to appear next to the
source rather than next to the drain. This results in
a 20% increase in transconductance and a more
than ten-fold decrease in output conductance.
The result of the boron implant is a 20-fold
increase in open circuit gain. One of the key fea-
tures of this work was the precise (+0.1 um)
alignment of the focused ion beam implant to the
structures fabricated by conventional optical litho-

graphy.

To fabricate short gates in the Integrated Circuits
Laboratory, a process has been developed which
permits combined focused ion beam lithography
and optical lithography. The focused ion beam is
used only to expose the gate, while all of the other
exposures are carried out with conventional litho-
graphy. Standard KTI-820 resist is used which is
positive in optical lithography but negative when
exposed by the ion beam (i.e., the exposed area
does not develop out). With this process, transis-
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tors with gate lengths down to 0.2 um have been
made on top of an optical lithography process
which supports minimum dimensions of 1.75 um.

3.8 Charge Coupled Devices
with Focused lon Beam
Iimplanted Doping Gradients in
the Channel

Sponsors

Defense Advanced Research Projects Agency/
U.S. Army Research Office
Contract DAAL-03-88-0108

MIT Lincoln Laboratory
Innovative Research Program

Project Staff

Dr. Analisa L. Lattes,® Dr. Scott C. Munroe,® James
E. Murguia, Mark 1. Shepard, Dr. John Melngailis

The main factor that determines the charge transfer
efficiency and the maximum clocking speed of
CCDs is the time taken by the residual charge to
diffuse from one well to its neighboring, lower
potential well. This is particularly true in longer
channel CCDs. |If a slight doping gradient is
implanted in the direction of current flow, then a
built in electric field is created which will speed up
the charge transfer. CCDs with 26-um-long chan-
nels were fabricated in which the doping gradient
was created with an As implant dose varying from
0 to 1.5x 10" ions/cm2. The gradient implanted
CCDs had a maximum clocking frequency of 41
MHz while the uniformly implanted devices had a
maximum clocking frequency of only 2.5 MHz.
Such long channel CCDs are used in infrared
detectors and in some signal processing applica-
tions.

3.9 Focused lon Beam
Lithography

Sponsor

SEMATECH
Contract 90-MC-503

Project Staff

Jeung-Soo Huh, Haralabos Papadopoulos, Mark L.
Shepard, Dr. John Melngailis

6 MIT Lincoln Laboratory, Lexington, Massachusetts.
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A number of resists have been exposed with Be
and Si ions at various energies to determine their
suitability for focused ion beam liihography. The
resists included PMMA, Microposit 2400, HEBR,
and KTl 820. Both Microposit and HEBR act as
positive resist, for low doses but become negative
resists at higher doses due to cross linking. Unfor-
tunately, the window between the positive and
negative operation is only about a factor of 2,
making them unsuitable for most applications. KTl
acts as a negative resist and features down to
0.2 um line width have been successfully
exposed. PMMA, in which we have in the past
succeeded in exposing 0.05 um wide features,
acts as a positive resist and was tested here for its
sensitivity and ion penetration range. Be ions at
200 keV expose PMMA to a depth of 1.2 um,
while Si ions at 200 keV expose PMMA to a depth
of 0.5 um. We are in the process of testing other
resists such as Ray PF. Preliminary results indicate
that it acts as a positive resist with a factor of
about 10 higher sensitivity than PMMA.

3.10 Focused lon Beam
Exposure Combined With
Silylation

Sponsor

SEMATECH
Contract 90-MC-503

Project Staff

Dr. Mark Hartney,® Dr. David C. Shaver,® Mark |.
Shepard, Jeung-Soo Huh, Dr, John Melngailis

In the silylation process the top layer of a resist
such as SAL 601 from Shipley is cross linked by
exposing it with a dose of ions. The resist is then
exposed to a silylating agent in gaseous form
which diffuses onto the surface where it is not
cross linked. The resist is “developed” by reactive
ion etching in oxygen which removes the resist
that had been exposed by the ions. This process
is sketched out in figure 1. Since only the top
surface of the resist needs to be cross linked, the
range of ions is unimportant. As a result, we have
successfully used Be, Si, Au and Ga ions. The
minimum dose needed to expose is
1 x 102 jons/cm? for the heavier ions, i.e., about
an order of magnitude lower than required for
PMMA. Thus Ga ions can be used which have a
current density in the beam an order of magnitude
higher than the lighter ions. Proximity effects were
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Figure 1. (Top) Schematic of the silylation process.
Where the ions strike, the resist becomes cross linked,
impeding the silylation. Reactive ion etching then
removes the unsilylated resist. (Bottom) Series of
scanning electron micographs of the resist features.
First, top view of lines exposed with 240 keV Be** ions
showing smooth sidewalls and lines of 0.08 um and
0.1 um width. Second, resist lines of about 0.15 um
width in profile exposed with 240 keV Au ions. The
resist sidewalls are almost vertical. Third, profiles of
resist lines also exposed with Au ions at 240 keV. Line
widths are varied from 0.2 um to 0.4 um from left to
right.
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also found to be absent, and features down to
0.08 um linewidth were exposed. Because of its
high sensitivity and potentially fast writing speed,
focused ion beam exposure combined with
silylation may be preferable to the more commonly
used electron beam lithography.
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Platinum has been deposited using a precursor gas
of (methylcyclopentadienyl) trimethyl platinum
and creating a local gas ambient using a capillary
feed tube directed at the surface where the ion
beam is incident. Pt is of interest for x-ray mask
repair because it is a high density material. It also
has advantages for integrated circuit repair since it
is compatible with Si processing and has shown a
relatively low resistivity. We have used Pt to
rewire circuits by first milling contact vias through
the passivaticn layer and then depositing a
“jumper” of ™ to connect two metal lines. Since
in circuit repair, and even more so in x-ray mask
repair, deposition will need to be performed over
existing topography, the deposition rate as a func-
tion of the angle of incidence is important.
Accordingly, we have measured the deposition as
a function of angle of incidence by scanning the
ion beam across a glass fiber and measuring the
thickness of the deposit at various angles using a
scanning electron microscope (SEM). As
expected, the deposition yield (number of atoms
deposited/incident ion) increases sharply as
grazing incidence is approached. See figure 2.
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Figure 2. Measurement of focused ion beam deposition yield as a function of incidence angle. The results were
obtained by depositing over a pyrex fiber 3 um in diameter as shown schematically (on the left). The yield is found
to increase as the angle of incidence approaches 90°. Incidentally the sputtering yield similarly increases as grazing

incidence is approached.

3.12 lon Induced Deposition of
Gold, Results and Models for
the 2 to 10 keV Energy Range
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To study the mechanism of ion induced deposi-
tion, a UHV apparatus was constructed with a 2 to
10 kV ion source directed at a quartz crystal micro-
balance acting as the sample. The adsorption of
the precursor gas, dimethylgold hexaflurorace-
tylacetonate, the deposition rate of goid and the
milling rate of gold could be measured accurately
and quickly, in-situ. Data was taken for all of the
noble gas ions from He to Xe at energies between
2 and 10 kV. Numerous observations pointed to
the fact that the process by which adsorbed gas
molecules are dissociated is substrate mediated.
Two models of the process. the thermal spike and
the collision cascade model, were analyzed and
used to fit the observed data. In the thermal spike
model, the instantaneous temperature rise sur-
rounding the point of ion impact is calculated and

assumed to cause the dissociation. In the Monte-
Carlo collision-cascade model, the excitation of
individual surface atoms is calculated and assumed
to cause the dissociation. The collision-cascade
model fits the observed data well and supports the
view that this is the atomic process by which ion
induced deposition occurs.

3.13 lon Induced Deposition of
Gold, Results and Models for
the 50 to 100 keV Energy Range

Sponsors
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The ion induced gold deposition yield and the
sputter yield have been measured using a special
gas cell apparatus constructed to fit in the
endstation of an implanter. Noble gas ions were
used. The film composition and microstructure

7 1BM Corporation Research Division, Yorktown Heights, New York.
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have been measured under various conditions.
The heavier mass ions Kr to Xe yield films that are
80% Au and 20% carbon, while the lower mass
ions yield films that are near 50-50. Preliminary
calculations indicate that the differences of disso-
ciation yield on ion mass and ion energy appears
to fit the collision cascade modei. In addition, the
dissociation and sputter yield has been calculated
as a function of ion incidence angie. The results
appear to fit the observed increases in yield as
grazing incidence is approached.
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Professor Sylvia T. Ceyer conducts molecular beam surface scattering experiments in order to analyze the
chemistry that occurs during the plasma etching of silicon and gallium arsenide.
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it has long been believed that molecular fluorine,
F., would not react with or etch Si. To overcome
this problem, scientists used a plasma environ-
ment. Because the plasma dissociates the mole-
cular F; or other fluoriie containing molecules into
F atoms, it was believed that these species are
responsible for reacting with the Si surface to form
the volatile product SiF,. While atomic fluorine, F,
certainly does react with Si, we have shown that,
contrary to popular belief, molecular F, also reacts
with Si(100) with very close to unity probability
(~ 0.95).

With support from the Joint Services Electronics
Program, we used our molecular beam-ultrahigh
vacuum surface scattering apparatus to direct a
well-characterized, monoenergetic beam of F;
molecules at a Si(100) surface. Not only have we
shown that fluorine reacts via the well-known
mechanism in which both F atoms of the incident
F, molecule adhere to the surface (known as dis-
sociative chemisorption), but also that some of the
incident F, reacts so that only one of the F atoms
sticks to the surface while the other atom is scat-
tered from the surface. This latter mechanism is
called an abstraction reaction and, while its exist-
ence has been predicted theoretically, we were the
first group to demonstrate it experimentally.

In essence, the dangling bonds on the Si surface
strip off one of the F atoms as the F, molecule flies

by it. We were able to observe this mechanism in
the angular and time-of-flight distribution meas-
urements only as the direct consequence of the
high resolution, the high signal to noise, and the
collisionless environment of the detector in our
apparatus. This mechanism could not have been
observed with any other existing apparatus either
custom-built or commercially available. As
expected, the surface temperature has no effect on
the abstraction process, but the incident energy of
the F, molecule does determine the branching ratio
between F atom abstraction and dissociative
chemisorption.

Presently, we are continuing our angular and time-
of-flight (energy) distribution measurements of the
scattered F and F; signal to more accurately quan-
tify this ratio as a function of the kinetic energy of
the incident F; molecule. These accurate measure-
ments are necessary because the F atom
abstraction mechanism has implications for models
of the plasma environment during etching reac-
tions. The abstraction of F, by the Si surface pro-
vides an additional source of F atoms, in addition
to the known source of F atoms from the gas
phase decomposition of F, in the plasma. There-
fore, this source of reactive species must now be
included in a quantitative model of the plasma
etching environment.
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Supply for Resistive Heating of Semiconductor
Crystals.” In preparation.
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While the reaction probability of F, with a clean
Si(100) surface is near unity, we have shown that
the probability for reaction decays to zero as the
fluorine coverage increases to one monolayer.
That is, F; is not unreactive with Si but it is
unreactive with a fluorinated surface of Si. This
lack of reactivity with the fluorinated S: surface is
the source of the misconception that F, does not
react with Si. The lack of reactivity with the
fluorinated surface precludes the build up of a suf-
ficient layer of fluorine to produce the volatile etch
product, SiFs. However, we have shown that if
the kinetic energy of the incident F, molecule is
increased above a threshold value of 6 kcal/ mol
( ~ 0.25 eV), the reaction probability of F, with a
fluorinated Si surface increases linearly with the
normal component of kinetic energy. The
enhancement in the reaction probability allows
enough fluorine to be deposited to form the vola-
tile etch product, SiF,. Therefore, we have
observed efficient etching of Si(100) at 300K for
an incident F, normal kinetic energy of 15
kcal/mol (0.5 eV). This energy is two orders of
magnitude below the energies used in plasmas.
This resuit establishes that Si can be etched with
low energies using molecular beam techniques
without the use of plasmas. The low energies
afforded by molecular beam techniques prevent
the introduction of radiation damage or defects
into the Si lattice, which is a typical result of
plasma etching.
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Schulberg, M.T. The Reaction of Molecular
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diss., Dept. of Chem., MIT, 1990.
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With partial support from the Joint Services Elec-
tronics Program (JSEP), we have found that the
kinetic energy of an inert gas atom incident on
CH,4 physisorbed on Ni(111) activates the disso-
ciative chemisorption of CH,4 just as the transla-
tional energy of the CH, molecule incident on the
surface. This process occurs because the impact
of the inert gas atom pounds the molecularly
adsorbed CH, into the distorted shape of the tran-
sition state that leads to dissociation. The products
of the dissociative chemisorption event after colli-
sion induced activation, identified by high resol-
ution electron energy loss spectroscopy as an
adsorbed methyl radical and an adsorbed hydrogen
atom, are identical to those observed after transia-
tional activation. This observation represents the
discovery of a new mechanism for dissociative
chemisorption: collision induced dissociation of
adsorbates. These results for translational and col-
lision induced activation as well as the transla-
tional activation of F, on fluorinated Si(100)
signal the demise of the long-standing and perva-
sive notion in surface science that the surface is
the all-important and sole source of energy in acti-
vating the dissociation of a molecule at or
adsorbed on a surface.

With the goal of uncovering the detailed mech-
anism and dynamics of this new process, the
absolute cross section for collision induced disso-
ciation of CH4 physisorbed on Ni(111) is meas-
ured over a wide range of kinetic energies and
angles of incidence of a Ne, Ar and Kr atom beam.
Unlike the translational activation of CH,, which
exhibits strict normal energy scaling, the collision
induced dissociation cross section displays a
complex dependence on the energy of the
impinging inert gas atoms characteristic of neither
normal nor total energy scaling. A two-step,
dynamic model for the mechanism for collision
induced dissociation provides excellent agreement
with the energy and angular dependence of the
cross section for dissociation. The model shows
that the origin of the breakdown in normal energy
scaling in the inert gas kinetic energy is the range




of impact parameters which contribute to the dis-
sociation cross section. By properly summing over
the impact parameter, the model calculations allow
the previous translational activation resuits to be
mapped onto the cross sections for collision
induced dissociation. In this way, translational
activation and collision induced activation are
shown to be completely consistent. They are
simply different ways to provide the energy to
deform the CH, molecule but, once deformed, the
mechanism for the dissociation is the same.

In competition with collision induced dissociation,
another process, collision induced desorption,
occurs. Previously, the desorption of adsorbates
by the impact of an inert, neutral species has been
predicted, but ours was the first experimental
observation of this process. Specifically, the abso-
fute cross section for collision induced desorption
of CH, physisorbed on Ni(111) is measured as a
function of the kinetic energy and incident angle
of an Ar beam. The mechanism for desorition is
shown to involve a direct and impulsive,
bimolecular collision between Ar and CHs. Mole-
cular dynamics simulations show that the compli-
cated energy and incident angle dependence of
the desorption cross section are the consequence
of the competition between the decrease in the
energy transferred in the normal direction and the
increase in the collision cross section as the inci-
dent angle increases. The results of detailed tra-
jectory calculations also assess the minor roles of
multiple and mirror collisions, normal energy
accommodation and neighboring molecules.

The impact of the observations of collision
induced chemistry and desorption for under-
standing surface chemistry in a high pressure envi-
ronment is potentially large because, in a high
pressure environment, an adsorbate-covered
surface is continually bombarded by a large flux of
high energy molecules. Therefore, having shown
that collision induced processes occur, we believe
that no mechanism for surface reactions under
high pressure conditions including those that
occur in plasma environments, can now be consid-
ered complete without an assessment of the
importance of collision induced processes as a
major reaction step. In fact, there are many unex-
plained observations in the literature of effects of
inert gases on the rates of high pressure, heteroge-
neous catalytic reactions. It is now important to
reinvestigate these reactions in light of the know-
ledge that these collision induced processes occur.
Collision induced chemistry and desorption are
additional reasons why surface chemistry at high
pressures is often very different from the chemistry
in UHV environments.

Knowledge of these microscopic origins for the
pressure gap has allowed us to develop a scheme
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to bypass the high pressure requirement by simply
raising the energy of the incident molecule or col-
lisionally inducing dissociation. We have used the
former trick to synthesize and identify spectro-
scopically by high resolution electron energy loss
spectroscopy, an adsorbed CH; radical for the first
time under low pressure, ultrahigh vacuum condi-
tions. More recently, higher resolution and higher
sensitivity spectra of CH;, CH;D and CDj; have
confirmed a Fermi resonance between the over-
tone of the asymmetric deformation and the low
frequency or “soft” C-H symmetric stretch. These
spectra have also allowed a symmetry analysis to
be carried out that establishes that the CH; species
is adsorbed with C3, symmetry in a threefold
hollow site with the hydrogens either eclipsed over
or staggered between the surrounding Ni atoms.

Because of our unique ability to produce a CHj
species, we have been able to probe its stability.
Above 150 K, CHi; begins to dissociate to
adsorbed CH. An unambiguous identification of
the spectrum as that of CH is only possible
because of the high resolution (32cm~' FWHM)
and high sensitivity (5 x 10% counts/sec for the
elastically scattered electron beam) of our spectro-
meter. This assignment is also supported by the
spectra measured after the thermal decomposition
of the mixed isotope CH,D. This work rectifies a
previous assignment of a spectrum in the literature
to a CH species.

Our ability to bypass the high pressure requirement
has allowed us to carry out a high pressure
reaction at low pressure: the synthesis of CgHs
from CH4. In addition, because this reaction is
carried out at low pressure, we have been able to
identify the adsorbed intermediates by high resol-
ution electron energy loss spectroscopy and to
determine the mechanism of this reaction. The
synthesis is effected by exposing a monolayer of
CH, physisorbed on Ni(111) at 47 K to a beam of
Kr atoms. The collision of the incident Kr with the
physisorbed CH, distorts the CH, from its
tetrahedral configuration, thereby lowering the
barrier to dissociation into an adsorbed methyl
radical and an adsorbed hydrogen atom. As the
surface temperature is raised to 230 K, all the
adsorbed CH; dissociates to CH and the CH
recombines to form adsorbed C,H,. Some of the
C:H; trimerizes to adsorbed CgHg and at 410 K and
425 K, respectively, the atomically adsorbed
hydrogen desorbs as H; and some of the
chemisorbed CgHg desorbs. The gas phase
benzene is detected mass spectrometrically in a
therma! desorption experiment. These data also
provide mechanistic information useful to the pos-
sible extrapolation of this synthesis from molecular
beam-UHV environments to more practical condi-
tions.
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The main goal of this project is to determine the
responses of electronic materials to input signals
which are not only fast (i.e., pulses of short dura-
tion) but also high in repetition rate (i.e., many
short pulses in rapid succession) as is directly rele-
vant to ultrafast electronics applications. This is
accomplished through direct measurement using
terahertz-frequency sequences of femtosecond
pulses. The responses are heavily dependent on
electron-phonon interactions whose strength can
be determined.

5.2 High Repetition-rate
Signals and Resonant
Responses of Electronic
Materials

Much of the current work in ultrafast spectroscopy
of electronic materials invelves irradiation of the
sample with a single femtosecond pulse followed
by probing of the sample’'s time-dependent
response. This has taught us a great deal about
the fundamental properties and ultrafast dynamical
responses of semiconductors, metals, and, more

' Bell Communications Research (Belicore).

recently, superconductors. What does this type of
spectroscopy tell us about the performance of the
material in a real ultrafast device?

Most ultrafast signal processing and communi-
cations applications involve not just one very fast
signal followed by a long waiting period, then
another isolated very fast signal, another long
waiting period, etc. The main purpose of devel-
oping ultrafast devices is to make possible high-
density signal processing, i.e., processing of very
high (terahertz) repetition rate signals. For a
material to be appropriate for this type of applica-
tion, its response to terahertz-frequency signals
must be suitable. Usually “suitable” means fast,
without long-lived or spurious components.

Ultrafast spectroscopy generally measures material
responses to single, isolated ultrafast optical
signals. Certainly, if the response to this kind of
signal is unsuitable (slow, or a fast initial response
with substantial slow "trailing edge” components),
then the material can be ruled out for many
uitrafast device applications. However, successful
performance in this type of test does not ensure
successful response to high-density signal inputs
of interest in real ultrafast devices. How can we
use spectroscopy to provide a better “real-world”
test of material performance?

It is now possible to generate complex terahertz
frequency signals through femtosecond “pulse-
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shaping” techniques? developed at Bell Communi-
cations Research (Bellcore). Recognizing the
importance of these techniques for ultrafast elec-
tronic materials characterization, we worked in col-
laboration with Belicore scientists to conduct the
first spectroscopic experiments in which material
responses to terahertz-frequency signals were
recorded.? The experiments showed how a crystal-
line solid could give a very fast response to a
single ultrafast input signal, with minimal “trailing
edge,” and vyet give a clearly unacceptable
response 10 a terahertz-frequency sequence of
input signals. The sample showed a “spurious”
response (due to lattice vibrations) with an ampli-
tude that was very small after one input signal, but
which was amplified by successive input signals in
the sequence. After the terahertz-frequency
sequence was over, the spurious signal dominated
the response! This signal was amplified by an
“impulsive” driving force on the lattice vibrations
exerted by each of the successive input signals.
The mechanism for this force, “impulsive stimu-
lated Raman scattering,” was discovered and elu-
cidated with earlier RLE support.4

Our initial experiments on organic molecular crys-
tals, supported through RLE, received wide pub-
licity through publication (by us and by
journalists) in Science,3 Physics News in 19905
Optics News,® Science News,” Chemistry and
Industry,® Chemical and Engineering News,® and
other “semi-popular” as well as technical

journals.'®* We have now imported the Belicore
technology into our own lab, as illustrated in
figure 1. The figure shows a terahertz repetition-
rate sequence of femtosecond pulses generated in
our lab using the puise-shaping method developed
at Belicore.

Our current experiments are focused on semicon-
ductors and high-Tc superconductor materials for
which the results will be of immediate practical
importance. We expect very substantial “spurious”
responses to terahertz-frequency frequency inputs
in semiconductor multiple-quantum-well struc-
tures due to lattice resonances associated with the
layer thicknesses. Similarly, in “quantum dot”
structures formed by semiconductor clusters, reso-
nances associated with the cluster size will likely
lead to spurious responses to high-density input
signals. The size of these responses will probably
be large due to strong electron-phonon inter-
actions in semiconductors. High-Tc superconduc-
tors have recently been shown to have very strong
electron-phonon interactions as weil, with specific
lattice phonons coupling strongly to the low-
energy electronic continuum. We expect that
these materials too will show important responses
to high-density signals which are not apparent
when an isolated, uitrafast signal is used.

In addition to providing a direct test of material
performance in ultrafast device applications, the
experiments permit characterization of the

2 A M. Weiner, J.P. Heritage, and E.M. Kirschner, “High-resolution Femtosecond Pulse Shaping,” J. Opt. Soc. Am.

8 5(8): 1563-1572 (1988).

3 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, “Femtosecond Pulse Sequences Used for Optical
Manipulation of Molecular Motion,” Science 247: 1317-1319 (1990).

4 For a recent review see: K.A. Nelson and E.P. Ippen, “Femtosecond Coherent Spectroscopy,” Adv. Chem. Phys.

75:1-35 (1989).

5 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, “Femtosecond Optical Control Over Molecular
Motion,” in Physics News in 1990, ed. P.F. Schewe (New York: American Institute of Physics, 1990), pp. 25-26.

6 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, “Femtosecond Multiple Pulse impulsive Stimulated
Raman Scattering,” Opt. News 15(12): 29-31 (“Optics in 1989 section).

7 “Sculpting Light to Maneuver Molecules,” Sci. News 137(14): 223 (1990).

8 "Molecule Motions,” Chem. Ind. News 7: 202 (1990).

% “Lasers Manipulate Molecular Motion,” Chem. Eng. News 68(12): 21 (1990).

10 K.A. Nelson, “Impulsive Stimulated Raman Scattering with Single-pulse and Multiple-puise Excitation,” in Pro-
ceedings of the 12th International Conference on Raman Spectroscopy. ed. J.R. Durig and J.F. Sullivan
{Chichester: Wiley, 1990), pp. 19-22; A M. Weiner, D.E. Leaird, G.P. Wiederrecht, M.J. Banet, and K.A. Nelson,
“Spectroscopy with Shaped Femtosecund Pulses: Styles for the 1990s,” in Picosecond and Femtosecond Spec-
troscopy from Laboratory to Real World, ed. K.A. Nelson (Bellingham, Washington: SPIE, 1990), SP/£ Proc. Ser.
1209: 185-197 (1990); AM. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Neison, “Femtosecond Multiple-
pulse Impuisive Stimulated Raman Spectroscopy,” J. Opt. Soc. Am. B, forthcoming.
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Figure 1. A 2.1-terahertz repetition rate pulse sequence produced through pulse-shaping techniques. The
responses of electronic materials to high-density signals of this type are examined to provide a realistic test of their
performance characteristics in ultrafast device applications.

electron-phonon interactions of the sampies.
These are important in mediating carrier mobility at
different temperatures (i.e., different levels of
phonon excitation). In high-Tc superconductors,
the mechanism for strong electron-phonon cou-
pling and its importance in superconductivity are
not well understood. Our experiments may resolve
these issues since they provide a unique opportu-
nity to examine the effects of specific phonon
modes on electronic energies.

As of November 1, 1990, this work is no longer
sponsored through the RLE Joint Services Elec-
tronics Program. Support for our work on semi-
conductor and superconductor responses to
terahertz frequency signals is currently being
sought.
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Professor Leslie A. Kolodziejski's research is focused on the fabrication of semiconductor lasers based on
11-VI compounds. (Photo by Paul McGrath)
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6.1 Chemical Beam Epitaxy
Facility

Sponsors

3M Company Faculty Development Grant
AT&T Research Foundation
Special Purpose Grant
Defense Advanced Research Projects Agency
Subcontract 216-25013 and 542383
Joint Services Electronics Program
Contract DAALO3-89-C-0001
National Science Foundation
Grants ECS 88-46919 and ECS 89-05909
U.S. Navy - Office of Naval Research
Coniract NOO0O14-88-K-0564

Our new laboratory for the chemical beam epitaxy
(CBE) of both [I-VI and 1l1-V compound semicon-
duc*rs finally began to take the form of a working
research facility in 1990. The substantial labora-
tory renovation was completed in February; the
CBE system hardware was delivered in March and
installed throughout most of the summer; ZnSe
was deposited onto GaAs substrates in early
August. However, the modular CBE system is not
complete yet. We are anticipating delivery of the
analytical/metalization chamber and a
I1I-V-dedicated gas source molecular beam epitaxy
(GSMBE) system. Both chambers will be
attached to the periphery of the ultrahigh vacuum
(UHV) transfer chamber. Figure 1 shows the
system footprint complete with all chambers which
are currently expected. In the future, we plan to

add an in situ patterning chamber for further pro-
cessing of the samples prior to removal from the
UHV environment. The analytical metalization
chamber will contain Auger Electron Spectroscopy,
reflection high energy electron diffraction, electron
beam evaporators for metals, and ports for photon
illumination of the sample. The GSMBE system
will be dedicated to the growth of arsenides,
phosphides, and antimonides; solid elemental
sources of In, Ga, Sb and Al will be utilized with
gaseous hydrides of As and P. The chamber will
be employed for the fabrication of sophisticated
quantum-effect electronic devices, a variety of
optoelectronic devices, and advanced Il-VI/UI-V
multilayered heterostructures.

6.2 Metalorganic Molecular
Beam Epitaxy (MOMBE) of
ZnSe

Sponsors

Charles Stark Draper Laboratories
Contract DL-H-418484

Defense Advanced Research Projects Agency
Subcontract 542383

Joint Services Electronics Program
Contract DAAL-03-89-C-0001

National Science Foundation
Grant ECS 88-46919

U.S. Navy - Office of Naval Research
Contract NO0O014-88-K-0564

1 Department of Electronics, Kanazawa Institute of Technology, Kanazawa, Japan.

2 Physics Department, University of Puerto Rico, Rio Piedras, Puerto Rico.
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Figure 1. Layout of the CBE laboratory showing the footprint of the modular UHV system. The five chambers are
the introduction, transfer, analytical/metalization, 11-VI CBE reactor, and |11-V GSMBE reactor. Also indicated in the

drawing is the wet chemical station for substrate preparation.

The [1-VI semiconductor ZnSe is currently
receiving considerable attention due to the recently
reported success of p-type doping. Once ZnSe is
successfully doped, both n- and p-type, various
optical devices such as laser diodes, optical
modulators, etc., can take advantage of the
2.67 eV bandgap to provide operation in the
blue/blue-green portion of the spectrum. The
most successful n-type dopant has been Cl with
10'® electron carrier concentrations reported for
molecular beam epitaxy (MBE) growth. Thus far,
incorporation of Li has been demonstrated to
result in p-type ZnSe. Electrical measurements to
confirm the presence of holes are complicated due
to the small hole concentrations and the problem
associated with forming ohmic contacts to p-type
material. However, pn junctions formed in ZnSe
have emitted blue light at room temperature. Due
to significant problems of Li interdiffusion, investi-
gations are currently focusing on incorporating
dopant species other than Li to provide shallow
acceptors. A potential candidate is nitrogen,
although this volatile atom is difficult to incorpo-
rate due to its small sticking coefficient and stable
dimer bonding.

Our objective is to study controlled substitutional
doping of ZnSe, both n- and p-type, by employing
the growth technique of chemical beam epitaxy.
CBE offers many advantages compared to MBE or
metalorganic chemical vapor deposition and
emphasizes the use of gaseous sources in an
ultrahigh vacuum environment. In the CBE growth
technique, the gaseous sources which are utilized
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are both hydrides and metalorganics. It is anti-
cipated that precise flux control of each specie via
mass flow control of the gas will be a significant
advantage in the growth of the high vapor pres-
sure 1I-VI compounds.

We have grown ZnSe thin films on GaAs bulk sub-
strates by metalorganic molecular beam epitaxy
(MOMBE). MOMBE differs from CBE due to the
absence of the gaseous hydride sources. The
metalorganic gaseous sources which have been
employed at present are diethylzinc (DEZn) and
diethylselenide (DESe). In the growth exper-
iments, the metalorganics are “cracked” or
thermally decomposed prior to impingement onto
the GaAs. The Zn and Se atoms are removed from
the hydrogen and carbon atoms to allow the use
of a lower growth temperature and to more closely
approximate the MBE growth approach.

Figure 2 shows the refiection high energy electron
diffraction pattern obtained from a 500A ZnSe film
grown on GaAs. The presence of Kikuchi lines
and a strongly streaked pattern suggest that the
ZnSe is of high quality and single crystalline. The
two-fold reconstruction lines observed in the
[010] indicate a Zn-stabilized surface. For the
growth of the thin ZnSe shown here, the substrate
temperature was approximately 300°C with 1.0
and 0.30 sccm flow rates of DEZn and DESe,
respectively. Investigations of the surface mor-
phology with Nomarski interference microscopy
has indicated the presence of a featureless surface
at 1000x magnification. Additional experiments
are in progress to increase the growth rate, as well
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Figure 2. Refiection high energy electron diffraction patterns obtained from a 500A ZnSe film grown on a (001)

GaAs substrate. (a) [110] azimuth and (b) [010] azimuth.

as to investigate the growth using sources of
dimethylzinc and hydrogen selenide.

6.3 Photon-assisted MOMBE of
Wide Bandgap [I-VI Compound
Semiconductors

Sponsors

Defense Advanced Research Projects Agency
Subcontract 530-0716-07

National Science Foundation
Grant ECS 88-46919

To achieve our objective of fabricating p-type
ZnSe, we are employing state-of-the-art epitaxial
growth techniques, such as CBE and MOMBE, to
take advantage of the nonequilibrium nature of the
growth. At the same time, we are employing a
variety of coherent photon sources to illuminate a
portion of the GaAs substrate during growth.
Photon-assisted MBE of ZnSe has been demon-
strated to have an effect on (1) the incorporation
of various atoms, (2) the stoichiometry of the
growing surface front, and (3) the density of
defects. In our laboratory, the CBE reactor has
viewports positioned so that a photon source can
illuminate the substrate either perpendicular to or
parallel to the surface. In our preliminary exper-
iments, we have employed the visible 4579A line

of an argon ion laser perpendicular to the GaAs
surface during MOMBE growth of ZnSe. The laser
beam was defocused to partially illuminate a 1 cm
diameter area of the wafer, providing a power
density of approximately 100 mW/cm2. The power
density is sufficiently low so that there was very
little temperature increase. Following growth, no
visible differences in the surface morphology were
detected. However, a significant enhancement in
the growth rate was observed from thickness
measurements made by selectively etching away
the ZnSe layer from the GaAs substrate. In the
area illuminated by the laser, the growth rate was
three times greater than in the area which was
unilluminated. At the growth temperature of
~ 325°C, the wavelength of the laser is at an
energy above that of the ZnSe bandgap. We are
currently preparing experiments to study in detail
the physical phenomena, for example electronic or
photochemical, responsible for the growth rate
enhancement.

The above mentioned results on the MOMBE of
ZnSe, with and without photon assistance, are
preliminary and not at all conclusive. These data
represent the very first results on films grown by
the MOMBE technique in our new CBE reactor.
Additional microstructural, electrical, and optical
characterizations of the ZnSe films are currently
being prepared to provide further insight into the
properties of this very important wide bandgap
semiconductor.

45




Chapter 6. Chemical Beam Epitaxy of Compound Semiconductors

6.4 Publications Kolodziejski, L. A. “Chemical Beam Epitaxy for
Advanced Optoelectronic Devices.” Paper pre-
sented at the Optical Society of America
Meeting, Boston, Massachusetts, November
1990.

Kolodziejski, L. A. “Modern Growth Technologies
of Semimagnetic Semiconductors.” Paper pre-
sented at the International School on Physics
of Semiconducting Compounds, Jaszoweic,
Poland, April 1990.
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7.1 Introduction

Sponsors

Charles S. Draper Laboratory
Contract DL-H-418488
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The goals of this project are to design, fabricate,
test, and model submicron InAlAs/InGaAs Heter-
ostructure Field-Effect Transistors (HFETs) on InP,
These devices are of great interest for applications
in long-wavelength lightwave communication
systems and ultra-high frequency microwave tele-
communications.

Metal-Insulator-Doped semiconductor Field-Effect
Transistors (MIDFETs) in which the InGaAs
channel is heavily doped but the InAlAs insulator
is undoped were pioneered by del Alamo and
Mizutani at NTT Laboratories.! These devices have
been found to display a performance comparable
to InAlAs/InGaAs Modulation-Doped FETs
(MODFETs) of similar gate length. They addi-
tionally offer unique benefits not found in other
device structures: reduced g. and fr collapse,

higher breakdown voltage, and enhanced freedom
for optimization of gate insulator parameters.

During the past year, we have studied the effect of
increasing the InAs composition in the channel of
the device in an effort to enhance its performance.
In the process of carrying out this research, we
have uncovered serious isolation problems that
will need dedicated process technology work in
the future. We have also continued our study of
strain-insulator MIDFETs and examined the impact
of dislocations on device performance. A detailed
description of these experiments is presented in
this report.

7.2 Strained-channel
InAlAs/n--InGaAs MIDFETs

In this work, we investigated the effect of
increasing the InAs mole fraction (x) in the
In,Ga,_«As channel from that required to lattice
match to InP (x=0.563). This work is motivated by
the expected improvement in electron transport

1 J.A. del Alamo and T. Mizutani, “An Ings2AlgsgAs/n*-Ing53Gags7As MISFET with a Heavily-Doped Channel,”
IEEE Electron Device Lett. EDL-8 (11): 534-536 (1987); J.A. del Alamo and T. Mizutani, “Bias Dependence of fr
and fmex in an Ings2Alg 48AS/n*-Ing s3Gaga7As MISFET,” /EEE Electron Device Lett. EDL-9 (12): 654-656 (1988);
J.A. del Alamo and T. Mizutani, "A Recessed-Gate [ngs.AloasAs/n*-Ings3Gage7As MIS-type FET,” IEEE Trans.

Electron Devices ED-36 (4): 646-650 (1989).
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properties2 and the enhanced conduction band
discontinuity between the channel and the
insulator3 as the InAs composition increases.

Three wafers were grown by molecular-beam
epitaxy in MIT's Riber 2300 system with cross
sections shown in figure 1. The InAs mole frac-
tion in the Ings3Gags7As channel and subchannel
were 0.53, 0.6, and 0.7. The 100A subchannel is
undoped and the 100A channel is Si doped to a
level of about 4.5 x 108 cm=3. The Ings.Alp4sAs
gate insulator and buffer are undoped as is the
Inp53Gap47As cap. Device fabrication is similar to
that described by del Alamo and Mizutani.®

-V characteristics were measured for devices with
a nominal gate length of 1 um and width of 30
um. The gate diode characteristics were measured
with the drain and source shorted. Specially
designed gate-diode structures were also meas-
ured in order to investigate the gate-channel
leakage paths.

AuGeNi Ti/Au GATE  Ti/Av
OHMIC CO)JTACT PAD
( _ 50A InGoAs
300A InAlAs
I00A  n*In Go  As (45xI0° c)
IOOA In Go, As x-asa,o.so,ozo}
I000 A InAlAs
SI- InP
Figure 1. Cross section of

tng s2Alp 4gAs/n*-In,Gay _,As MIDFETs.

Figure 2 shows a plot of the tranconductance
versus gate-source voltage of representative
devices from the three wafers at a drain-source
voltage of 3 V. For devices with x=0.53, 0.6, and
0.7, the peak gm's measured (averaged over 10
devices) were 200 + 22, 250 + 14, and 296 + 15
mS/mm respectively. The threshold voltages are
—-1.05 +£ 0.09, —-1.28 + 0.20, and —2.09 + 0.24 V
respectively. Figure 3 shows the drain current
versus Vg at Vgs =3 V. The peak drain currents
measured over 10 devices were 320 + 42, 424 +
37, and 656 + 69 mA/mm respectively, demon-
strating the tremendous improvement in electron
transport properties as the InAs mole fraction in
the channel increases. However, as x increases, as
seen in figure 3, the leakage current below thres-
hold increases, preventing the transistor from shut-
ting off.

Figure 4 shows the gate diode characteristics for
Vgs = 0V (for a clearer presentation, the forward
scale has been expanded). The increased InAs
mole fraction in the channel results in larger
forward and reverse currents. in forward bias, this
is contrary to what is expected from the enhanced
AE. between channel and insulator. The values of
reverse breakdown voltage are —12.6,

I T l T T Ll I
’E 300 Vos =3V _
E Lg *lpum
2 J
- x:0.60
o _
2200
<
'5 12070
Q R 4
ra)
3
§ 100} x+0.53 7
< 4
b L
-
[0} " 1 A 1 2 i
-2 -1 0 |

GATE - SOURCE VOLTAGE (V)

Figure 2. gm versus Vg with Vg3 =3V for the three
InAs mole fractions.

2 U.K. Mishra, A.S. Brown, and S.E. Rosenbaum, "DC and RF Performance of 0.1um Gate Length AlinAs-GalnAs
Pseudomorphic HEMTSs,” Proceedings of the International Electron Devices Meeting, 1988, pp. 180-183.

3 F.L. Schuermeyer, P. Cook, E. Martinez, and J. Tantillo, “Band-Edge Alignment in Heterostructures,” App/. Phys.

Letrt. 55 (18): 1877-1878 (1989).

4 J.A. dei Alamo and T. Mizutani, “"An Ings2AlpagAs/n*-Ings3GapazAs MISFET with a Heavily-Doped Channel,”

IEEE Electron Device Lett. EDL-8 (11): 534-536 (1987).
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Figure 3. In versus Vg, with Vg4 = 3V for the three InAs
mole fractions.

between the edge of the channel and the gate
metal. The problem exists for Ings3GapsrAs
because it has a Schottky barrier height of 0.2 eV
with the metal. As x increases, this gets smaller,
about 0.1 eV for x=0.6, and 0.03 eV for x=0.7,5
and this isolation problem becomes even more
severe.

CURRENT (mA)

-4 i I .

-4 -2 -0 -8

6 4 -2
VOLTAGE (V)

Figure 4. Forward and reverse diode characteristics of
1-um MIDFETS for the three InAs mole fractions.

—6.7, and —2.6 V for x=0.53, 0.6, and 0.7 respec-
tively. We have defined breakdown at a reverse
gate current of 1 mA, which is about 10 percent of
the peak drain current carried by the reference
(x=0.53) device. The increased gate leakage
current represents a serious shortcoming of
enhanced InAs channels devices.

We have investigated the origin of this extra
leakage current, and we attribute it to the presence
of a direct leakage path between the gate and the
channel at the edge of the mesa, as shown in
figure 5. At the mesa edges, where the gate metal
goes onto and off the mesa, there is no isolation

Figure 5. Perspective of the intrinsic device region.

To investigate this edge leakage path, we have
fabricated heterojunction diodes with an inner
square gate area of 10,000 ym2. In one diode
there is no gate-edge overiap, i.e., the gate is
entirely on the mesa. In another diode, a 600 um
long edge overlap has been obtained by producing
three cuts of the mesa structure underneath the
gate. In this manner, the only difference between
these diodes is the gate-edge overlap.

Figure 6 shows the forward and reverse character-
istics of these two diodes. Without edge overlap,
the forward current decreases with increasing x, as
expected from the larger AE.. With edge overlap,
however, we see a marked increase in the forward
current and a reversal in x dependence. This
implies that edge leakage dominates the forward
characteristics in the actual FETs. In the reverse
characteristics of these diodes, for x=0.53, the
edge overlap marginally contributes to the total
reverse current. At x=0.6, the presence of three
regions in the reverse characteristics becomes
evident: pre-threshold, plateau, and breakdown.
The edge overlap influences the reverse current in
the pre-threshold region and then saturates at the
threshold voltage, i.e., when the channel gets
totally depleted underneath the gate. Far into the
breakdown region, the reverse characteristics of
both the structures with and without edge overiap
at x=0.6 do not differ much either. For the x=0.7
diodes, edge leakage strongly affects the entire
reverse characteristics. For this device, the edge

5 H.H. Wieder, "Fermi Level and Surface Barrier of GalnAs Alloys,” App/. Phys. Lett. 38(3): 170-171 (1981).
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Figure 6. Forward (left) and reverse (right) diode characteristics with and without edge overlap.

leakage definitely exacerbates the loss of pinchoff.
Significant gains could be made in pinchoff quality
and reverse breakdown voltage by using some
form of isolation that prevents edge gate-mesa
overlap.

In conclusion, Ings2Alg4g/n*-InGa,_As MIDFETs
have shown markedly improved peak currents and
transconductances as the InAs mole fraction in the
channel is increased. Devices with Ly = 1um and
x=0.7 display an unprecedented lp of 656 mA/mm
and g, of 296 mS/mm. As x is increased,
however, there is an increase in the gate current, a
dramatic decrease in the breakdown voltage, and a
degradation of pinch-off. Leakage at the gate-
mesa edge overlap is found to be partially respon-
sible for these effects. To achieve the substantial
gains in transport that higher InAs fractions offer,
better isolation technology is required.

7.3 Orientation Dependence of
Mismatched-Insulator
InAlAs/n--InGaAs MIDFETs

In this work,® a device perspective is applied to the
issue of critical layer thickness and the impact of
strain relaxation on electrical characteristics. The
critical layer thickness of a strained semiconductor
layer is ultimately determined by its application.
For devices, performance is the ultimate goal. In
many |lI-V semiconductor devices, the use of
intentionally mismatched layers has the potential
of significantly improving device characteristics.
The appearance of misfit dislocations, however, is
expected to degrade device performance, but to
determine how much and in what manner, there is
no substitute to studying the devices fabricated
using these mismatched layers.

In an effort to increase the conduction band dis-
continuity in the Ings2Alg 4sAs/Ings3Gag 47As system
(lattice-matched to InP), we have strained the
In,Al,_As layer to negative mismatch by reducing
its InAs fraction. This results in many benefits to
the device characteristics of In,Al;_As/
n+*-1ngs3Aso47As HFETs.? Here we focus on the
effect of mismatch on device performance. Qur
main result is the finding of strong orientation

6 S.R. Bahl, W.J. Azzam, and J.A. del Alamo, “Orientation Dependence of Mismatched In,Al_,As/Ings3Gap47As

HFETs,” J. Cryst. Growth, forthcoming.

7 J.A. del Alamo and T. Mizutani, “An Ing s2Alp43As/Nn*Ing 53Gag 47As MISFET with a Heavily-Doped Channel,” /EEE
Electron Device Lett. EDL-8 (11): 534-536 (1987); S.R. Bahl, W.J. Azam, and J.A. del Alamo, "Strained-
Insulator In,Aly_,As/n*-lngs3Gag47As Heterostructure Field Effect Transistors,” submitted to /EEE Trans. Electron

Devices.
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dependence in device characteristics beyond the
Matthews-Blakeslee critical layer thickness.®

A cross section of the device structure is shown in
figure 7. Four wafers were grown by MBE in
MIT’'s Riber 2300 system with InAs mole fractions
in the InAl,_,As gate insulator layer of 0.52
(lattice-matching), 0.48, 0.40 and 0.30. The
starting material was S.I. (100) InP. The device
structure consists (from bottom to top) of a 1000A
undoped Ings2AloagAs buffer layer, a 100A
undoped Ings3GagssAs subchannel, a 100A heavily
Si doped (ND =4 x 108 cm"3) Ino‘ngao_nAS
channel, a 300A undoped In,Al,_,As gate insulator
layer, and an undoped 50A Ings3Gao47As cap. The
four wafers were grown subsequently, and device
processing was carried out simultaneously. Device
processing is described by Bah! et al.®

HFETs were fabricated with gate-widths of 30 um
and gate lengths of 1.5 um with current flow along
the [011] (defined here as 0° with respect to the
flat), [001] (45°), and [011] (90°) directions.

AuGeNi Ti/Au GATE ,Ti/Au PAD

OHMIC CONTACT

&

QQK InGgAs

300k InAl_ As x=052,048,040,030
100A  n*-InGoAs 4x 10" cm™
100A InGoks 1

) 1000A InAlAs

Figure 7. Schematic cross-section of the fabricated
InkALy_As/n*-Ing53Gap 47As MIDFETs.

Figure 8 shows the channel sheet resistance, R, ,
on each of the four wafers as a tunction of orien-
tation. Rg, was measured using the actual
MIDFETs by the all-electrical Floating Gate
Transmission-Line Model (FGTLM).'"® Each point
represents an average over five FGTLMs. For
wafers with InAs mole fractions, x, of 0.52, 0.48,
and 0.40, R,, remains constant at approximately
850 Q/0 independent of orientation. However,
upon decreasing x from 0.40 to 0.30, the channel
sheet resistance increases for all three orientations,
showing a very pronounced orientation depend-
ence with Ry,[011] > R, [001] > Rs[011].
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Figure 8. Channel sheet resistance versus InAs mole
fraction, x, in the In Al,_,As insulator layer, for current
flow along the various directions.

8 J.W. Matthews, A.E. Blakeslee, and S. Mader, “Use of Misfit Strain to Remove Dislocations from Epitaxial Thin

Films,” Thin Solid Films 33: 263-266 (1976).

9 S.R. Bahl, W.J. Azam, and J.A. del Alamo, “Strained- Insulator In,Al;_,As/n* - Ing53Gap a7As Heterostructure Field
Etfect Transistors,” submitted to /EEE Trans. Electron Devices.

10 W.J. Azzam and J.A. def Alamo, "An All-Electrical Floating-Gate Transmission Line Model Technique for Meas-

uring Source Resistance in Heterostructure Field-Effect Transistors,” /EEE Trans.

2105-2107 (1990).

Electron Devices 37(9):
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Figure 9. Peak transconductance versus x along the
various directions at Vyg,=4 V.

Figure 9 shows the average peak transconduc-
tance, gm, over ten devices versus x for the three
orientations measured at V4 =4 V. The x=0.52
and 0.48 devices do not show any orientation
dependence (the x=0.40 devices have a high
source resistance and are anomalously low in gg).
A pronounced orientation dependence is seen for
devices with both x=0.40 and 0.30, with the 0°
device being the best and the 90° device the most

degraded. An additional significant result is that gn
(0°, x=0.40) is 189 mS/mm, which is very close to
the average gn =209 mS/mm of the x=0.52
sample.

The x=0.40 and 0.30 devices were grown with
thickresses greater than the Matthews-Blakeslee
critical layer limit.!1 This suggests that, in these
devices, misfit dislocations may be responsible for
the decrease in g, and the appearance of orien-
tation dependence. Since the presence of misfit
dislocations has been correlated to the appearance
of a cross-hatched surface,'? we have taken dark
field microscope images of the surface of the four
wafers {figure 10). Figures 10(a) and 10(b) are
the surfaces of the x=0.52 and x=0.48 wafers
respectively. There are no ridges or cross-hatches
on the surface. Figures 10(c) and 10(d) are the
surfaces of the x=0.40 and x=0.30 wafers respec-
tively. We see the appearance of a unidirectional
array of surface ridges, faint and short, in figure
10(c), and brighter and longer in figure 10(d).
running along the [011] direction. This is the
direction of current flow in the better (0°) devices.
We could not distinguish any ridges along the
[011] direction, neither in the Nomarski, nor in the
dark-field mode of the microscope. The ridges
could not be imaged at higher magnification, so a
density count was impossible. Brighter and longer
streaks would result from greater surface relief,
indicating a higher dislocation density, with a
greater bunch of dislocations associated with each
surface streak.'3 The unidirectional hatch observed
is consistent with that reported'® for thin strained
samples.

in Ill-V semiconductors, orthogonal 60° dislo-
cations in the zinc-blende lattice occur on different
sublattices and show an asymmetry relative to
each other.’3 The so-called « dislocations have an
extra half plane ending on a row of group-lli
atoms, and the B dislocations have an extra half
plane ending on a row of group-V atoms.'5 For
strained (100) InGaAs/GaAs, it has been shown

11 J.W. Matthews, A.E. Blakeslee, and S. Mader, "Use of Misfit Strain to Remove Dislocations from Epitaxial Thin

Films,” Thin Solid Films 33: 253-266 (1976).

12 K.H. Chang, R. Gibala, D.J. Srolovitz, P.K. Bhattacharya, and J.F. Mansfield, “Crosshatched Surface Morphology
in Strained HI-V Semiconductor Films,” J. Appl. Phys. 67(9): 4093-4098 (1990).

13 M.S. Abrahams, J. Blanc, and C.J. Buiocchi, "Like-Sign Asymmetric Dislocations in Zinc-Blende Structure,” Appl.

Phys. Lett. 21(5): 185-186 (1972).

‘4 K.L. Kavanagh, M.A. Capano, L.W. Hobbs, J.C. Barbour, P.M.J. Maree, W. Schaff, J.W. Mayer, D. Pettit, J.M.
Woodall, J.A. Stroscio, and R.M. Feenstra, “Asymmetries in Dislocation Densities, Surface Morphology and Strain
of GalnAs/GaAs Single Heterolayers,” J. App/. Phys. 64 (10): 4843-4852 (1988).

15 A L. Esquivel, S. Sen, and W.N. Lin, "Cathodoluminescence and Electrical Anisotropy from a and § Dislocations in
Plastically Deformed Gallium Arsenide,” J. Appl. Phys. 47(6): 2588-2603 (1976).
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that the first dislocations to form are 60° « dislo- unidirectionally along the [011] direction, perpen-
cations along the [011] direction.'® For our dicular to the preferred dislocation direction we
samples, in contrast, the dislocations run have seen reported in the literature. However,

(d)

()

Figure 10. Dark field optical microscope photographs of the surface of the MIDFET layer structure for (a) x=0.52,

(b) x=0.48, (c) x=0.40, and (d) x=0.30.

'6 K.L. Kavanagh, M.A. Capano, L W. Hobbs, J.C. Barbour, P.M.J. Maree, W. Schaff, JW. Mayer, D. Pettit, J. M.
Woodall, J.A. Stroscio, and R.M. Feenstra, "Asymmetries in Dislocation Densities, Surface Morphology and Strain
of GalnAs/GaAs Single Heterolayers,” J. App/. Phys. 64(10): 4843-4852 (1988). E.A. Fitzgerald, G.P. Watson,
R.E. Proeno, D.G Ast, P.D. Kirchner, G.D. Pettit, and J.M. Woodali, "Nucleation Mechanisms and the Elimination
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these reports'® have been done for epilayers under
compression, i.e., the relaxed lattice constant for
the epilayer is larger than that of the substrate. |t
has also been suggested that the 60° a and g dis-
locations should interchange directions when the
epilayer is grown in tension,'” which is consistent
with our results, assuming that the a dislocations
still nucleate preferentially. We believe we are the
first to report observations of this behavior.

Our 0° devices, which have current flowing along
the dislocations, are better than our 90° devices,
which have current flowing perpendicular to them.
The 45° devices fall in between. Our resuits are in
agreement with the findings of Esquivel et al.’s
who show a decrease in mobility for current flow
perpendicular to the a dislocaticns.

Woodall et al.'® have proposed that misfit dislo-
cations pin the Fermi-level, depleting a cylindrical
region around them. Figure 11 shows a schemat-
ical cross-section of the dislocation depletion
regions in a semiconductor slab with misfit dislo-
cations running along the [011] direction. Based
on this figure, we can hypothesize an explanation
for our observations. For our 0° devices, current
flows along the dislocation direction [011], while
for our 90° device, current flow along [011] is
normal to it. If the dislocation density is low, as in
the x=0.40 sample, a dislocation would be associ-
ated with a small depletion region in the channel.
If this depletion depth is smaller than the equilib-
rium depletion associated with Fermi-level pinning
at the wafer surface or underneath the gate, then
R.n should not be affected by the presence of the
dislocations. However, the pinning at the dislo-
cation would prevent the gate voltage from modu-
lating the portion of the channel underneath it.
This should result in the more severe degradation
of gm for current flow perpendicular to the dislo-
cations, because of their constricting effect, than
for flow parallel to them. For a higher misfit (such
as in the x=0.30 sample), the surface relief
becomes more pronounced, indicating a greater

bunching of the dislocations,’ and produzing
depletion regions that exceed the depth of the one
associated with the wafer surface. This should
resuit in an asymmetry in both Ry, and gn.

Figure 11. Schematic cross-section of the channel
region of the MIDFET under tension, showing the
effect of the depletion regions of misfit dislocations on
current flowing parailel and perpendicular to them.

Ing.a0Alo60AS/N* -Ings3Gag 47AS devices with
Lg=15um and current flow along the [C11]
direction show excellent characteristics in spite of
the presence of misfit dislocations: a reverse break-
down voltage of 23 V, a maximum drain current of
308 mA/mm, a peak transconductance of 189
mS/mm and reduced real-space transfer of hot
electrons from the channel to the gate.2° Qur result
shows that although dislocations degrade device
performance, excellent devices may be obtained by
orienting the current paraliel 10 them, if they are
sufficiently sparse.

In conclusion, we have studied the electrical prop-
erties of strained-insulator In, Al _ As/n*-
Inps3Gags7As HFETs with the insulator composi-
tion below and above the Matthews-Blakeslee cri-
teria for dislocation formation. For devices with
the In,Al,_,As layer above its critical thickness, we
see a unidirectional array of surface ridges and
measure a strong orientation dependence of peak
transconductance. By aligning the current in the
direction of the ridges, the impact of dislocations
is greatly minimized, resulting in excellent devices,
if their density is not too high.

of Misfit Dislocations at Mismatched Interfaces by Reduction in Growth Area,” J. Appl. Phys. 65(6): 2220-2237

(1989).

17 W.J. Bartels and W. Nijman, “Asymmetry of Misfit Dislocations in Heteroepitaxial Layers of (001) GaAs Sub-

strates,” J. Cryst. Growth 37: 204-214 (1977).

'8 J.M. Woodall, G.D. Pettit, T.N. Jackson, and C. Lanza, “Fermi-Level Pinning by Misfit Dislocations at GaAs Inter-

faces,” Phys. Rev. Lett. 51(19): 1783-1786 (1983).

19 M.S. Abrahams, J. Blanc, and C.J. Buiocchi, "Like-Sign Asymmetric Dislocations in Zinc-Blende Structure,” App/.

Phys. Lett. 21(5): 185-186 (1972).

20 S.R. Bahl, W.J. Azam, and J.A. del Alamo, ~Strained-Insulator In,Aly_,As/n* - Ings3Gag47As Heterostructure Field
Effect Transistors,” submitted to /EEE Trans. Electron Devices.
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Professor Henry 1. Smith (left) observing an x-ray lithography experiment being carried out by graduate
students Anthony Yen and William Chu.
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8.1 Project Description

Sponsor

Joint Services Electronics Program
Contract DAALO3-89-C-0001

Project Staff

Professor John M. Graybeal, Professor Henry |.
Smith, Dr. Bernard S. Meyerson, George E.
Rittenhouse

In this program, we seek to examine the behavior
of electronically-gated resonant tunneling struc-
tures with superconducting source and drain
electrodes. Specifically, we will examine whether
superconducting Cooper pairs can participate in
the resonant-tunneling channel. These three-
terminal hybrid superconducting/semiconducting
structures represent the first attempt at Josephson
coupling via resonant tunneling. A significant
potential technological consequence of this
approach is that quantum confinement levels, not
the semiconducting gap, set the characteristic
energy scale for modulating the Josephson
current. In addition, such structures may provide
important insight into the behavior of “conven-
tional” (i.e., single electron) resonant tunneling
structures, as the Josephson channel is inherently
coherent.

In previously fabricated electronically-gated hybrid
superconducting/semiconducting devices, the
energy scale in the semiconducting region was set
by the semiconducting gap energy
{Esemi = 0.1-1eV), while the energy scale for the
Josephson coupling (and hence the output
voltage) was set by the superconducting gap
energy (A ~ 10-3eV). It is important to recognize

that it is this energy mismatch which fundamen-
tally leads to less than unity gain in such devices.
As a result, the output voltage A is insufficient to
drive the gate of another device downstream
(Vgate = Esemi/€). On the contrary, the characteristic
energy scale for a quantum confined structure is
instead set by the device size, and is therefore
tunable. For device dimensions on the scale of
10-100 nm, now experimentally accessible via
advanced lithographic patterning techniques, these
energies can thus more easily approach that of the
superconducting gap energy.

The novel geometry of our hybrid resonant tun-
neling device is shown schematically in figure 1.
The semiconducting quantum well is made of
single crystal silicon, the tunnel barriers are
ultrathin thermally-grown layers of SiQO,;, and the
superconducting electrodes are vacuum-deposited
niobium (T¢c(Nb)=9 K).

The Si quantum well is a high-aspect ratio struc-
ture and is etched into the surface of a single-
crystal Si wafer using a highly anisotropic wet
etch. A top view of this kind of wall is displayed
in figure 2. Pilease note that this is a novel geom-
etry, because the semiconducting well is oriented
vertically and not horizontally. The fact that it is
patterned via wet etching from single crystal
silicon leads to almost no reduction in the electron
mobility as compared to the starting bulk material.
The patterning of this walled structure was pro-
duced via x-ray lithography. In order to fabricate
such a structure, the mask must be aligned to crys-
talline axes of the silicon wafer with high preci-
sion. The anisotropic etch (in a potassium
hydroxide solution) produces essentially atomically
smooth surfaces, leading to parallel facce on either
side of the quantum well. This is an c<o<ential
ingredient for a resonant tunneling device, because

1 IBM Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York.
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Figure 1. Schematic of device siructure (not to scale)
displaying Nb superconducting electrodes, SiQO; tun-
neling barriers, and Si wafer and quantum well. Note
quantum well is vertical and composed entirely of
single-crystal Si. The gate (not shown) is offset lat-
erally and is attached to the Si surface layer.

there are close analogies between it and an optical
Fabry-Perot interferometer.

The ultrathin oxide tunneling barriers are grown
thermally at 800°C in a dilute (0.8%) oxygen
atmosphere. Using this technique, we can
produce oxide thicknesses down to 15A, and C-V
analysis show them to be of very high quality. For
our device to date, we have used 15-20A oxide
layers.

The Nb superconducting counterelectrodes are
deposited in high vacuum via electron-beam
deposition and are subsequently laterally patterned
into cross-strips via standard lithographic pro-
cessing techniques. The crucial and most difficult
step is to remove the Nb over the top of the
guantum well, in order to avoid superconducting
shorts across the device. We have found that
planarization is both convenient and appropriate
for this task, and we reactively etch the top strip of
Nb using chlorine gas (which stops at the ultrathin
SiO; tunnel barrier).
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Figure 2. Scanning electron microscope picture of the
top of such a wall, showing the extremely smooth and
straight faces produced by the anisotropic etching.

We have just completed the fabrication trials. We
have tested every key step of device fabrication
and have put all the steps together to fabricate
several test devices on very lightly doped Si
wafers. The devices made had quantum well
thicknesses ranging down to 750A, with Si wall
heights on the order of 5000A. These test devices
have successfully verified all aspects of the device
fabrication, but unfortunately were too lightly
doped for resonant tunneling conduction. Thus,
the next step will be to fabricate these devices
onto wafers with doped high-mobility epitaxially-
grown Si layers. In collaboration with Dr. Bernard
S. Meyerson at the IBM Thomas J. Watson
Research Center, we are presently preparing to
fabricate these devices using Si wafers on which
high-mobility delta-doped epitaxial Si layers have
been grown.
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9.1 Introduction

new damage-free /in situ processing techniques for
fabricating advanced quantum structure and
embedded heterostructures.

The broad objective of our research effort is to
develop HI-V quantum heterostructures for high
performance electronic, optoelectronic, and
photonic devices for high speed optical communi-
cations and signal processing. To this end, we are
developing: (1) new, higher performance mate-
rials systems including InP-based InGaAlAs heter-
ostructures and <111> oriented strained layer

The following sections describe our progress
during the past year in the above research areas.
Our group works closely with Professors Hermann
A. Haus, Eric P. Ippen, and James G. Fujimoto to

superlattices; (2) a new family of quantum-well-
base, tunnel-barrier n-n-n transistors and near-
and far-infrared optoelectronic devices; and (3)

1 Thomson CSF, Orsay, France.
2 AT&T Bell Laboratories, Holmdel, New Jersey.

3 Harvard University, Cambridge, Massachusetts.

develop the optical device application, character-
ization, and modeling aspects of this program and
with Professor Sylvia T. Ceyer to develop new /in
situ processing techniques.

4 TRW, Electronics and Technology Division, Redondo Beach, California.

5 Northeastern University, Boston, Massachusetts.

8 Vitesse Semiconductor, Camarillo, California.

7 Kokusai Denshin Denwa Company, Ltd., Saitama, Japan.
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9.2 Computer Controlled
Growth of Lattice-Matched
InGaAlAs Heterostructures on
InP

Sponsors

Charles S. Draper Laboratory
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Joint Services Electronics Program
Contract DAAL03-89-C-0001

Project Staff
James C. Vicek, Professor Clifton G. Fonstad, Jr.

In electronic and optical semiconductor devices,
the need for both graded-composition and hyper-
abrupt metallurgical junctions frequently arises.
The use of graded-composition junctions allows
for precise control of the confinement of charge
carriers and optical fields through spatially varying
bandgaps and refractive indices, respectively. On
the other hand, hyper-abrupt junctions may be
desired in some devices, most notably quantum
effect devices, where a sharp interface is desired to
reduce fluctuations in the confinement energy
which might arise from graded interfaces due to
shutter transients. Thus, optimal device designs
can place tight constraints on the molecular beam
epitaxial growth procedures — in particular, the
ratios of the constituent and dopant fluxes during
the growth — which will implement these compli-
cated epitaxial layer structures.

The need to lattice-match, as to an InP substrate,
further constrains the ratio of constituent fluxes. If
the alloy composition is not sufficiently close to
the lattice-matching compaosition, strain effects can
significantly alter the electrical and optical proper-
ties of the material, and, in the extreme case, dislo-
cations can be seeded. Thus, the constraints
imposed by the need to lattice-match may be more
stringent than those imposed by the compaosition
gradients dictated by the device design. In this
work, we have grown the quaternary
In,Ga,Al,_,As,_,, lattice-matched to InP substrates.
This quaternary, which may be viewed as a binary
alloy of the two ternaries ingGaAs and InAlAs,
spans the bandgap range of 0.75 — 1.5 eV and is
better suited to solid-source MBE techniques than
the In,_,Ga,As,P;_, alloy system, which spans a
similar bandgap range.

We have implemented a computer-automated
MBE control system (1) to provide precise control
of the constituent and dopant fluxes necessary to
achieve graded-composition alloys and (2) to
maintain uniform compositions in the presence of
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shutter events. Key to this system are accurate
models of the characteristics of the effusion cells,
including not only the static flux versus temper-
ature relationship, but also the time-dependent
behavior of the cell in the presence of changes in
either setpoint and/or shutter status. These
models approximate the temporal response of the
effusion cells to a setpoint change with a single-
pole system function with the location of the pole
determined by a direct measurement of the flux
profile generated by a step change in the cell
setpoint temperature.

In the case of graded-composition layers, the
thermal lag time of the cell requires modification of
the time-dependerit effusion cell setpoint temper-
ature profile. This modification is necessary to
eliminate the over- and undershoot effects at the
endpoints of the graded layer which would result
if the effects of cell response time are neglected.
With such modifications, we have achieved linearly
graded flux profiles with deviations from the
desired profile which can be held within one
percent. The gradient of material composition in
these layers corresponded to a conduction band
gradient of 33 kV/cm.

To remove flux transients which arise from the
operation of the cell shutters, we have structured
the control system so that it seeks to maintain the
flux in the effusion cell at a constant value, irre-
spective of the shutter status. [n practice, this
entails maintaining the setpoint temperature of the
cell at a lower value with the shutter closed than
open and performing an exponential ramp
sequence upon change of shutter status. Using
this technique, we have reduced cell shutter tran-
sients from 15 - 30% to one percent or less.

9.3 InGaAlAs Strained-Layer
Heterostructures on 111 GaAs
and InP for Optoelectronic
Device Applications

Sponsors

DARPA/NCIPT
Subcontract 542383

Joint Services Electronics Program
Contract DAAL03-89-C-0001

Project Staff
Richard A. Singer, Professor Clifton G. Fonstad, Jr.

We have been interested in (111)-oriented
strained-layer heterostructures because of the large
piezoelectrically generated built-in electric fields
that are present in these materials, as well as
because of the possibility of enhanced optical




effects in (111)-oriented quantum structures. We
have been very successful in growing layers on
(111)B GaAs, routinely grow on these substrates,
but we have had considerably more difficulty on
InP substrates.

Mirror surfaces for both bulk inGaAs and InAlAs
layers, grown by molecular beam epitaxy (MBE)
on (111)B InP substrates, have recently been
achieved. These materials have been characterized
by photoluminescence (PL), Hall measurement,
and double crystral diffraction, and, in the latter
case, exhibit linewidths which compare favorably
to both the InP substrates and to concurrently
grown (100) epilayers. Nevertheless, the Hall
mobilities of the (111) InGaAs samples are con-
sistently an order of magnitude lower than their
(100) counterparts, while the PL intensities are
extremely weak. The inAlAs is essentially semiin-
sulating and shows no PL. These results, of
course, indicate that the electrical and optical
quality of these materials is still relatively low and,
as a result, epilayers grown on (111)}InP are not
acceptable for use in p-i-n devices yet.

The difficulties associated with MBE grown on
(111)InP arise because of the highly reactive
(111) surface and the volatilty of the InP substrate
and the indium alloys of the epitaxial layers.
Unfortunately, the growth conditions, which
address the issues described above, inhibit the
surface mobility of the group ill constituents. This
results in material of poor surface morphology. To
circumvent this problem, a quasi-migration
enhanced epitaxy procedure was developed in
which growth takes place at low substrate temper-
ature, low As overpressure, and slow growth rate.
We have, in fact, observed an increase in Hall
Mobility when the growth rate was slowed.
Therefore, this is a promising direction for contin-
uing in our efforts to optimize the growth param-
eters for (111) epilayers.

9.4 Molecular Beam Epitaxy of
GaAlAs Laser Diode
Heterostructures on Silicon
Substrates

Sponsors

DARPA/NCIPT
Subcontract 542383
iBM Corporation Fellowship

Project Staff

Geoffrey F. Burns, Dr. Herve Blanck, Professor
Clifton G. Fonstad, Jr.
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Prospects for monolithic integration of IlI-V elec-
trical and optical devices with Si circuits have
tueled vigorous research in direct heteroepitaxial
growth of these compounds on Si substrates.
Developing IlI-V optical sources useful for VLS|
optical interconnects is one goal which has been
pursued by several groups. Along these lines, we
have focused upon the laser diode due to its
capacity for high speed modulation and efficient
electrical to optical power conversion. Using
molecular beam epitaxy (MBE), we have devel-
oped a process for routine fabrication of (Ga,Al)As
laser heterostructure lasers directly on Si sub-
strates.

Unfortunately, active optical devices such as the
laser exhibit degraded luminescent efficiency and
reliability when fabricated in heteroepitaxial
GaAs-on-Si; threshold currents and lifetimes pres-
ently obtained are insufficient for Si integration.
These shortcomings are imposed primarily by limi-
tations in the quality of heteroepitaxial GaAs-on-Si
currently produced, inciuding dislocation densities
above 10% per square cm and residual strains
above 10° dynes per square cm, resulting from the
4.2% lattice mismatch and ~ 40% thermal expan-
sion mismatch between GaAs and Si.

The thermal strain problem can be attacked by
reducing the area of the llI-V epitaxial layer in
contact with the Si substrate during growth, as
well as by significantly reducing the maximum
growth temperature of the laser device. Following
the first approach, we are evaluating lasers grown
on substrates structured with oxide windows and
ridges. Initial working devices have been pro-
duced on structured substrates and reduced thres-
hold currents have been observed. Further
evaluation of these devices will determine the
degree of strain relief and reliability improvement.
Additional process measures currently in develop-
ment include an MBE growth process which
lowers the laser device growth temperature in
addition to post fabrication thermal annealing to
reduce the residual dislocation density.

9.5 Integration of Vertical
Cavity Surface Emitting Lasers
on GaAs Integrated Circuits

Sponsors

DARPA/NCIPT
Subcontract 542383
IBM Corporation Fellowship
National Science Foundation Fellowship
Vitesse Semiconductor
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Project Staff

Krishna Shenoy, Geoffrey F. Burns, Professor
Clifton G. Fonstad, Jr., in collaboration with
James Mikkeison

Vertical cavity surface emitting lasers (VCSELs)
offer many advantages over in-plane lasers, both
asdiscrete and integrated devices. Monolithic
fabrication, on-wafer testing, inherent single longi-
tudinal mode operation, low threshold currents,
and low divergence angles (suitable for optical
fiber coupling) are among VCSEL attributes.
VCSELs can also form high-density two-
dimensional arrays for high-speed parallel optical
processing, and large-scale integrated circuit
optical interconnections as a result of their vertical
emission and small in-plane dimensions.

it is the purpose of this program to demonstrate
that VCSELs can be integrated  with
state-of-the-art refractory metal gate GaAs VLSI
integrated circuits by growing GaAlAs heterostruc-
tures selectively in windows, i.e., openings cut
through the dielectric covering the electronic cir-
cuitry down to the underlying GaAs substrate.
Solid source molecular beam epitaxy (MBE) is
being used to grow the structures, and standard
etchants and metalization procedures are being
followed. The laser emission will occur normal to
the wafer plane, either through the substrate or
from the processed surface.

The basic low-threshold VCSEL design incorpo-
rates a single quantum well (SQW) active region
between two distributed bragg reflector (DBR)
mirrors. High mirror reflectivities (>95%), a thin
active region (<10 nm), and adequate current
confinement are crucial for low-threshold lasing.
An InGaAs active region with alternating
GaAs/AlAs DBRs is yielding the lowest threshold
currents.

Three VCSEL integration issues are currently being
investigated: (1) selective growth of
GaAs/InGaAs/AlGaAs VCSEL heterostructures in
insulator windows on GaAs substrates, (2) low
temperature AlGaAs growth, and (3) VCSEL
design optimization. As a first step, crystalline
GaAs/AlGaAs layers have been successfully grown
in a variety of window geometries on GaAs wafers
provided by Vitesse Semiconductor. These initial
growths look excellent. However, high optical
quality AlGaAs is conventionally grown above
700°C, and even with refractory metal gates, GaAs
electronic circu. :y can not tolerate these growth
temperatures for the times involved in MBE
growth. Hence, we are growing lower temperature
AlGaAs and characterizing it both electrically and
optically to understand the lower acceptable
bound on the growth temperature. At the same
time, tests of Vitesse circuitry are planned to quan-
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tify its thermal tolerance. Given this information,
VCSEL designs will be optimized to reach a
balance  between growth temperature-time
demands and the device limitations, while, at the
same time, meeting the necessary threshold, power
output, and emission specifications.

9.6 MBE-Grown InGaAlAs/InP
Long-Wavelength Laser Diodes
for Narrow Linewidth
Applications

Sponsor

Charles S. Draper Laboratory
Contract DL-H-418483

Project Staff

Woo-Young Choi, Yakov Royter, Professor Clifton
G. Fonstad, Jr.

Semiconductor lasers emitting at a wavelength of
1.3 to 1.5 um are a key element of low-loss optical
fiber communication systems. The material system
most often used for such laser diodes is the
quaternary alloy InGaAsP lattice-matched to InP
substrates. Liquid phase epitaxy (LPE) and metal-
organic chemical vapor deposition (MOCVD) are
the usual growth techniques for this material
system.

The InGaAlAs material system, grown by conven-
tional solid-source molecular beam epitaxy (MBE),
is another promising candidate for laser diodes
emitting in the 1.3 to 1.5 yum range. Significantly,
the InGaAs/InAlAs heterojunction has a larger
conduction band  discontinuity than the
InGaAs/InP heterojunction. This enhances the
quantum confinement of elections, affording the
device designer greater latitude in choosing layer
structures for optimizing electrical and optical con-
finement profiles. This enhanced design latitude,
in turn, can be used to achieve lower threshold
currents, lower temperature variation (Ty), and nar-
rower spectral line-width.

Using MBE, we have grown InGaAs/InAlAs
double heterostructure (DH) 1.3 um and 1.55 um
InGaAlAs graded-index separate confinement
(GRIN-SCH) multiple quantum weill (MQW) laser
diodes. From these laser materials, we have fabri-
cated broad-area and ridge-stripe laser diode
devices. We have also characterized threshold
currents, emission spectra, and far-field patterns.
Our initial data indicate that our devices are com-
parable to other laser diodes of the same material
system reported in the literature. Currently, we are
focusing our efforts on the optimization of the
GRIN-SCH MQW laser structure in terms of the




optical confinement structure, barrier height and
width, and the number of quantum wells. With
these optimizations, we believe that our device
performance will be greatly enhanced.

in addition, we are investigating the possibility of
additional performance enhancement with strained
quantum wells. Strained gquantum well devices
have demonstrated exciting results in GaAs-based
laser diodes, and we believe we can achieve
similar improvements in InGaAlAs long-
wavelength laser diodes with the excellent
capacity of MBE to grow precisely-controlied
strained layers.

9.7 Applications for New Three
Terminal Laser Diodes with
Dynamic Control of Gain and
Refractive Index

Sponsor

DARPA/NCIPT
Subcontract 542383

Project Staff

Paul Martin, Professor Clifton G. Fonstad, Jr., in
collaboration with Professor Hermann A. Haus

We are investigating a new class of devices in
which the active region consists of two sets of
quantum wells with different optical gain profiles.
By designing structures in which the current
injection into these two sets of quantum wells can
be independently controlled, we gain a new, previ-
ously unexploited, degree of freedom in controlling
light output from the device.

The immediate goal of this program is to use this
new degree of freedom to design a ridge type laser
diode with reduced alpha-parameter, which is the
ratio of refractive index change to gain change
associated with an injected current density change.
Since the linewidth of a semiconductor laser diode
is proportional to one plus alpha squared, a reduc-
tion in alpha from a typical value of three for QW
laser diodes to near zero would give a reduction in
laser linewidth on the order of ten. We expect
narrow-linewidth lasers incorporating this scheme
to find application in many optical communi-
cations systems where linewidth of the signal laser
limils e transmussion viv rate-distance product.
New systems based on erbium-doped fiber are
particularly sensitive to signal laser linewidth
because optical signals are umplified but not
regenerated or retimed. The recent explosion of
interest in erbium-doped fiber communications
systems thus makes this application especially
timely.
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Other possible applications for these devices
include pure FM laser diodes with reduced AM
noise, pure AM laser diodes with reduced chirping,
laser diodes easily tunable over a wide band, and
other non-laser devices like tunable narrow
bandwith filters and light modulators.

The list of possible device applications shows that
developing the basic idea of wells with different
optical gain profiles and accessing them independ-
ently within a single device is quite general. Once
the above narrow linewidth laser diode and the
associated theory have been demonstrated, we
expect this list to continue to grow.

9.8 Use of Graded Profiles to
Improve InGaAlAs/InP
Heterojunction Bipolar
Transistor Performance

Sponsor

Joint Services Electronics Program
Contract DAALO3-89-C-0001

Project Staff
James C. Vicek, Professor Clifton G. Fonstad, Jr.

Heterojunction Bipolar Transistors (HBTs) fabri-
cated in the In,Ga,Al,_,As,_, alloy system, lattice
matched to semi-insulating InP substrates, are
emerging as promising candidates for microwave
applications. By utilizing the advantages of the
material properties of this alloy system, in partic-
ular the properties of the ternary alloy InGaAs,
HBT device performance superior to that of
GaAlAs HBTs may be realized. The
in,Ga,Al,_,As,_. system is also better suited to the
solid-source molecular beam epitaxial (MBE)
growth techniques typically employed in HBT fab-
rication than the In,_,Ga,As,P,_, system, which
also lattice matches to InP.

While, in its simplest form, an HBT needs to have
only an emitter of a wider bandgap material than
its base, such single heterojunction devices suffer
from a number of drawbacks. Most important of
these drawbacks is that the base-collector junction
of such a device will have a lower turn-on voltage
than the base-emitter junction, resulting in an
“offset” voltage in the output characteristics. A
single heterojunction HBT which uses the ternary
InGaAs for both base and collector will also suffer
from a high output conductance and low
collector-emitter breakdown voltage due to the
narrow gap collector material. Finally, the use of
abrupt heterojunctions, at either of the two pn
junctions in the device, introduces “spikes” in the
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band edges at the junctions which could lead to
carrier trapping and degraded device performance.
For these reasons, an HBT fabricated in the
InGa,Al,_,As,_, alloy system is best achieved with
graded base-emitter and base-collector junctions.

Using advanced computer-controlled MBE growth
techniques, we have successfully fabricated and
characterized an In.Ga,Al,_,As;_,/InP emitter-up,
doubly-graded heterojunction bipolar transistor.
By using parabolic compositional gradings in the
pn junctions, made possible by precise computer
controi of the constituent fluxes during the
epitaxial growth, successful devices with charac-
teristics much improved over abrupt single-
heterojunction devices fabricated in this same
material system. In particular, the “offset voltage”
from which many single heterojunction devices
suffer has been reduced from
> 500, mV to < 20, mV; the Early voltage has been
increased from < 5, V to 25, V; the collector break-
down voitage has been increased from
BVceo < 5, V to BVeego > 10, V.

9.9 Applications of
Delta-Doping to Heterojunction
Bipolar Transistors

Sponsors

AT&T Bell Laboratories
Hertz Foundation Fellowship

Project Staff

Tanni Y. Kuo, Professor Clifton G. Fonstad, Jr., in
collaboration with Jack Cunningham

In our research, we have grown heterostructure
bipolar transistors (HBTs) by gas source molecular
beam epitaxy in which the base is delta-doped
with Be to concentrations ranging from
5x10"%/cm?2to 6 x 10'%/cm2.  Transmission elec-
tron microscopy studies revealed that the Be is
spatially confined to within 1.5 nm. To fabricate
the HBT without inducing Be redistribution and
avoid critical emitter mesa etching, we have devel-
oped a new low-temperature base-contacting pro-
cedure (Tmax = 420°C) which requires no base
emitter etching. We use a non-alloyed emitter
contact facilitated by a delta-doped n-layer placed
on the surface of the sample, eliminating the need
for a doped cap layer. The base is contacted by
depositing Au-Zn or Au-Be on the surface and
alloying at 420° C for 10 seconds. This results in

8 Support of Dr. Prasad at Northeastern University.
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ohmic contact with the base, rectifying contact
with the emitter. A 50 um diameter delta-HBT
shows a current gain of 20. After reducing the
size of the emitter 3 x 8 um, the current gain of the
delta-HBT increases to 30. This is due to the fact
that we have eliminated the critical base-emitter
etch which reduces surface recombination. In
order to completely planarize the HBTs, we grew
and fabricated HBTs in holes which were pre-
etched into the substrates. High gquality material
has been achieved in the holes.

We have also demonstrated the growth of the
complete structure of high quality AlGaAs/GaAs
heterostructure bipolar transistors (HBTs) by
chemical beam epitaxy (CBE). This includes a
non-alloyed delta-doped ohmic emitter contact
and /n situ Al emitter metalization which are
accomplished by CBE using a new precursor,
trimethylamine alane, as the Al source and
trimethyl-Ga as the Ga source. Devices with both
graded AlGaAs and uniform GaAs bases doped
with carbon to the high 10'9/cm3® using
trimethyl-Ga have been fabricated. A current gain
of 10 at a current densitv of 2.5 kA/cm? is
obtained for the unifuim base HBTs. The DC per-
fermance of the grade base HBTs is comparable.
Both types of devices display excellent output
characteristics.

9.10 Microwave
Characterization, Analysis, and
Modeling of Emitter-Down
Heterojunction Bipolar
Transistors

Sponsors

National Science Foundation®
TRW

Project Staff

Dr. Sheila Prasad, Professor Clifton G. Fonstad, Jr.,
in collaboration with Bahman Meskoob, Michael
Kim

Emitter-down InGaAs/InAlAs/InP heterojunction
bipolar transistors have been characterized at
microwave frequencies and small-signal equivalent
circuit models have been obtained using the com-
mercial Touchstone software. A comparison of the
measured S-parameters and gain characteristics
with the modeled values showed an error of about
5%. Since such a large percentage of error was




not considered acceptable for optimization, other
methods of optimization were considered.

A modification of the Touchstone program was
suggested by Professor R. Trew at North Carolina
State University. The technique uses the device
cut-off frequency fr, determined by the current
gain hz, characteristic to establish the total
emitter-to-collector delay time from the exper-
imental data. This information was used to estab-
lish an equation that is then used to constrain the
circuit elements, thereby facilitating the procedure
for parameter extraction. The error between meas-
ured and modeled parameters was reduced to
0.05%. The simulated annealing algorithm has
been used successfully in other modelling applica-
tions. Since it does not depend on good starting
values for the elements, the error should be mini-
mized further. Optimization using the simulated
annealing method is now in progress.

Large signal-modeling of the HBT is also in pro-
gress. Small-signal S parameter measurements are
being made for a large number of bias points on-
wafer probing of the transistors using the Hewlett-
Packard 8510B automatic network analyzer and
the Cascade Microtech microwave probe station.
The bias-dependence of each of the elements in
the equivalent circuit will be determined so that an
accurate large-signal model will obtained. Meas-
urements are also in progress to determine the
optimized model for high frequency third-order
intermodulation product.

9.11 AlAs Etch-Stop Layers for
InGaAlAs/InP Heterostructure
Devices and Circuits.

Sponsor

Joint Services Electronics Program
Contract DAAL03-89-C-0001

Project Staff

Thomas P.E.
Fonstad, Jr.

Broekaert, Professor Clifton G.

Wet chemical etching solutions have been devel-
oped that allow the selective etching of InP
lattice-matched InGaAlAs quaternary compounds
using thin pseudomorphic AlAs layers as etch
stops. The best results have been obtained for
etchants consisting of succinic acid, ammonia, and
hydrogen peroxide. The etchant is well buffered
and can be used over a wide pH range, from 4.2 to
7.0, by varying the amount of ammonia added. In
addition, the etchant is compatible with Cr/Au
contact metallization and standard positive
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photoresists. Typically, the InGaAs etch rate is
about 100 nm/min.

At a pH of 4.2, the etch rate of InGaAs is found to
be over 1000 times the etch rate of AlAs, while the
etch rate of InAlAs is over 500 times that of the
AlAs. At a pH of 5 and higher, the InAlAs etch
rate becomes very small while the InGaAs etch rate
remains about the same, enabling the selective
etching of InGaAs over InAlAs with a selectivity of
better than 100 to 1. A typical AlAs stop layer is
about 10 monolayers (m.l.) thick (2.73 nm). Stop
layers as thin as 3 m.l. can also be used, however,
the pH must be increased to at least 6.2 and the
selectivity decreases to 25 to 1.

Buffered HF can be used to remove the AlAs stop
layer, while it does not etch InGaAlAs to any sig-
nificant degree.

These selective etchants have enabied us to
measure the conductance and mobility of a directly
contacted quantum well in a resonant tunneling
structure for the first time and have opened up the
possibility of fabricating a whole new set of novel
quantum devices (see the following section).

9.12 Three-Terminal n-n-n
Quantum-Well-Base,
Tunnel-Barrier Devices

Sponsors

Belgian American Education Foundation (BAEF)
Feilowship

Joint Services Electronics Program
Contract DAAL03-89-C-0001

National Science Foundation
Grant ECS 90-08485

Project Staff

Thomas P.E. Broekaert, Jurgen Smet, Professor
Clifton G. Fonstad, Jr.

We have attained the ellusive goal of making direct
electrical contact to a populated conduction band
quantum well in a resonant tunneling heterostruc-
ture. In a significant breakthrough (see preceeding
section), we have recently succeeded in selectively
and controllably etching away the layers above the
quantum well in an AlAs/InAs/InGaAs resonant
tunneling diode. This result is a major advance
that opens the way to a whole new class of ultra-
high performance electronic, optoelectronic, and
photonic devices. We have begun an aggressive
program of research utilizing this advance to inves-
tigate quantum-well-base, tunnel-barrier (QT)
n-n-n transistors, and (see Section 9.15) tunnel-
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barrier infrared photodiodes and optotelectronic
modulators.

The  basis for these devices is the
AlAs/InAs/InGaAs double barrier resonant tun-
neling diode (RTD) structure, which we have used
successfully in the past to produce two-terminal
RTDs with room temperature peak-to-valley
current ratios of 30 to 1, peak current densities in
excess of 450kA/cm2?, and characteristics dis-
playing three resonant peaks.

There are at least three unique features of this
structure which make it ideally suited for these
devices. First, the AlAs tunnel barriers are unusu-
ally high relative to the InGaAs injectors and the
InAs well, which yields multiple confined well
states and sharp quantum structure at room tem-
perature. Second, the InAs well lies below the
band edges of the InGaAs injectors so that when it
is suitably wide and doped, the first well level will
be populated, providing all-important lateral con-
duction in the plane of the well and the ground-
state population necessary for detector and optical
modulator applications. Third, the very wide range
of materials in these structures has allowed us to
develop a selective etch which, in turn, makes
electrical contact to the very thin quantum well
layer possible.

We are presently developing a fabrication process
for QT transistors. Particular attention is being
given to the amount and placement of the dopants
in the well. Our objective is to simultaneously
maximize the lateral sheet conductance while not
increasing the scattering experienced by the car-
riers resonantly tunneling vertically through the
structure significantly. Intitial results indicate that
moderate levels of carriers introduced using delta
doping techniques will be optimal. Overall, the
basic details of the fabrication process have been
established, and the first devices will be available
shortly.

9.13 Self-Consistent Modeling
of Biased Quantum-Well-Base,
Tunnel-Barrier Structures

Sponsor

Joint Services Electronics Program
Contract DAAL03-89-C-0001

Project Staff

Thomas P.E.
Fonstad, Jr.

Broekaert, Professor Clifton G.

A numerical model has been developed that solves
the Schrodinger equation self-consistently with
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Poisson’s equation for a resonant tunneling struc-
ture. The numerical model was implemented as a
computer program. The program enables us to
calculate the conduction band diagram and the
emitter to collector current of a biased resonant
tunneling structure with a heavily charged well, as
a function of base-emitter and collector-emitter
voltage. The goal of this program is to facilitate
choice and optimization of device parameters for
resonant tunneling structures that are grown by
molecular beam epitaxy and processed into reso-
nant tunneling transistors. The most critical param-
eters that need to be optimized are the well
thickness and composition and the doping profile
in the well, since they most directly affect the
position of the resonant levels, and therefore, any
transistor action in the structure.

9.14 Infrared Characterization
of InGaAs/AlAs/InP Quantum
Well Heterostructures

Sponsors

Harvard University. Division of Applied Physics
National Science Foundation
Grant ECS 90-08485

Project Staff

Lung-Han Peng, Thomas P.E. Broekaert, Professor
Clifton G. Fonstad, Jr., in collaboration with R.
Victor Jones and Victor Ehrenrich

As a first step to the realization of quantum-well-
base, tunnel-barrier (QT) infrared detectors, we
have been studying the infrared absorption spectra
of InAs/AlAs/InGaAs quantum wells on InP. We
have made the first measurements of intersubband
absorption in populated pseudomorphic
InAs/InGaAs/AlAs quantum wells on InP and
demonstrated that very strong absorption can be
obtained in this materials system from a single
quantum well in a waveguide geometry. Further-
more, we have demonstrated both experimentally
and theoretically that TE, as well as TM mode,
intersubband absorption can be strong in this
system. Finally, we have identified for the first
time the “extrinsic” features in the absorption
spectra and shown how they can be avoided.
These results, applied in concert with recently
developed selective etches that aliow us to make
electrical contact to the quantum well in these
structures, open the way to realizing high perform-
ance QT optoelectronic devices.

Usin¢  fast Fourier transform infrared spectro-
meter with a microscope attachment, we have
measured the absorption spectra of a variety of
samples with the light propagating parallel to the




heterostructure planes. This geometry has impor-
tant advantages over the more common Brewster
angle configuration including longer path length,
good optical confinement, excellent polarization
purity, and immunity from Fabry-Perot effects. In
measurements in which light is guided in the sub-
strate as well as the epilayers, we have measured
over 8% intersubband absorption (n = 1 ton = 2)
for a single populated quantum well, compared
with less than 1% per well typically reported for
GaAs. By extrapolation, structures designed to
confine the light only to the epilayers are expected
to show near total absorption. There is little
polarization dependance of the transmission
spectra, whereas conventional theory says that
only TM polarization should be absorbed. It can
be shown, however, that, in a narrow bandgap
alloy system, band mixing effects and rardom
potential fluctuation-induced tetragonal distortion
(local field) effects relax the polarization selection
rules.

Additional features noticed in the absorption
spectra have been identified for the first time with
muitiphonon absorption in the InP substrate and
absorption at the interface between the substrate
and InGaAs buffer layers. These features can be
eliminated by using InAlAs buffer layers and struc-
tures in which the light is confined to the epilayers
away from the substrate.

Work has now begun on fabricating detector
structures and preparations are being made to
perform a variety of electrical characterization and
optical response measurements on them.

9.15 Damage-Free In-Situ UHV
Etching and Cleaning of llI-V
Heterostructures Using
Molecular Beams

Sponsors

AT&T Bell Laboratories Fellowship
DARPA/NCIPT
Subcontract 542383
National Science Foundation
Grant ECS 90-07745

3 MIT Department of Chemical Engineering.
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Project Staff

Isako Hoshino, Professor Clifton G. Fonstad, Jr., in
collaboration with Professor Sylvia T. Ceyer and
Professor Herbert H. Sawin?

The development of damage-free ultra-high
vacuum (UHV) etching, cleaning, and regrowth
techniques compatible with molecular beam
epitaxy (MBE) and ex situ processing of 111-V het-
erostructures is a major challenge facing device
researchers. The ability to selectively pattern, etch,
and overgrow quantum heterostructures is crucial
to the effective realization of integrated optical cir-
cuitry and quantum effect electronic structures.
Present techniques to do this involve relatively
high energy ion beams (100 eV and above) which
cause substantial subsurface damage, much of
which is impossible to remove.

As a solution to the problem of process-induced
damage, we have begun investigating the use of
UHV kinetic molecular beam techniques (widely
used to study atomic surface interactions) to etch
and clean ItI-V substrates and heterostructures
with a minimum of surface damage and maximum
flexibility. Depending on the etchant gas mixture
established, it is anticipated that low energy (0.5
to 2 eV) kinetic beams can be used to (1)
anisotopically etch-pattern 1lI-V heterostructure
wafers with no damage; (2) clean surfaces
allowing epitaxial growth on wafers which have
been removed from the UHV environment for
external processing; and (3) selectively remove
masking materials and clean surfaces suitable for
subsequent overgrowth.

This program builds on the work of Professor
Sylvia T. Ceyer, an expert on using supersonic
beams to probe surface reactions and to etch
siticon, and that of Professor Herbert H. Sawin, an
expert on the design of molecular beam and RF
plasma sources and reactors, as well as plasma
reaction dynamics. Funding has been obtained to
assemble a UHV chamber for kinetic beam pro-
cessing which will be connected through a transfer
mechanism of special design to the present Riber
2300 solid source MBE system. Initial designs for
the etcher using a methane-hydrogen gas mixture
and a supersonic beam source are currently being
investigated.
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1.1.1 Picosecond Optical Switching
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Moores

QOur research group has been studying all-optical
switching with subpicosecond pulses for several
years.® We have focused on interferometric
switching using the index nonlinearity of optical
materials. Lately, we have concentrated on the
construction of switches using fiber interferometers
because of the close to ideal behavior of optical
fibers.5 Our work is aimed at establishing a “proof
of principle,” exploring the requirements that must
be met by the physical system in order to achieve
satisfactory performance. Eventually, when
quantum wells or other "engineered” materials of
sufficient nonlinearity and with acceptable low
linear and two-photon absorption become avail-

2 Dept. de Fisica, Universidade Fed. de Pernambuco, Recife, PE Brazil.

3 Dip. Electronica, Universita Di Pavia, Pavia, Italy.

4 A Lattes, HA Haus, F.J. Leonberger, and E.P. Ippen, /EEE J. Quant. Electron. QE-19: 1718-1723 (1983); M.J.
LaGasse, D. Liu-Wong, J.G. Fujimoto, and H.A. Haus, “Ultrafast Switching with a Single-fiber Interferometer,”

Opt. Lett. 14: 311-313 (1989).

5 M.J. LaGasse, D. Liu-Wong, J.G. Fujimoto, and H.A. Haus, "Ultratast Switching with a Single-fiber Interfer-

ometer,” Opt. Lett 14: 311-313 (1989).
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able, the principles demonstrated with the fiber
system can be implemented in more practical
systems with less “latency.”

The fundamental requirement of a practical switch
is that the output must be a reasonable replica of
the input. By its nature, nonlinear interaction
using the Kerr effect (third order nonlinearity),
tends to distort the spectrum and pulse shape, the
latter due to group velocity dispersion. A working
switch must overcome this tendency of pulse dis-
tortion. One way to accomplish this is to use
soliton-like interactions.® If this operating principle
is chosen, the interaction region must possess
negative dispersion, if the Kerr nonlinearity is posi-
tive, and vice versa. The “collisions” of the control
pulses and controlled pulses must be soliton colli-
sions or soliton-like so the pulses are not distorted
if the system is not strictly a soliton system. Strict
soliton collisions require the use of different fre-
quencies for the colliding pulses, but this is some-
times an unacceptable constraint. |f the colliding
pulses have the same frequency, they must be dis-
tinguishable, e.g., by polarization. [n general, two
orthogonally polarized pulses do not interact in a
distortion-free way, but distortion can be mini-
mized if the collision is “"weak.” |In order to
achieve large effects, the collisions must be
repeated several times.

This operation principle has been chosen for a
switch developed in our laboratory that uses a
fiber ring reflector interferometer.” The collisions of
orthogonally polarized pulses, traveling at different
velocities due to fiber birefringence, were repeated
by splitting the fiber into 11 segments. In each of
the segments, one collision occurred, and the
effects of the collisions were cumulative. The
interaction was distortion-free as anticipated. The
operating principle required use of a polarization
sensitive coupler. Because the coupler was not

performing to specifications, the contrast ratio was
not large. Yet the performance was in good agree-
ment with theoretical predictions. The controlling
pulses are eliminated by a polarizer. Figure 1
shows the intensity autocorrelation functions of
the controlled pulse in the presence (the upper
trace) and in the absence (the lower trace) of the
controlling pulse. There is no observable dis-
tortion of the pulse.

1.1.2 Squeezing in Optical Fibers

Sponsors

Charles S. Draper Laboratory
Contract DL-H-404179
Joint Services Electronics Program
Contract JAAL03-89-C-3001
National Center for Integrated Photonics
National Science Foundation
Grant EET 87-00474

Project Staff

Professor Hermann A. Haus, Professor Erich P.
Ippen, Keren Bergman

Squeezing of optical radiation has been pursued
by many other laboratories,® including Professor
Shapiro’s group in RLE. Our group started work in
this area when a proposal was made to squeeze
optical pulses in a fiber ring interferometer,® a
modification of the all-optical switch which is
described in other sections of this report. The use
of pulses leads to enhanced nonlinearities. A par-
ticularly attractive feaiure of the proposed scheme
is that the pump power used in the squeezing is
not wasted, because it is reused as the local
oscillator power (at least in principle, if nonrecip-
rocal couplers are used, otherwise a 6 dB loss is
incurred).

N.J. Doran, K.J. Blow, and D. Wood, Proc. SP/IF 836: 238-243 (1987); M.N. islam, E.R. Sunderman, R.H. Stolen,
W. Pleibel, ana J.R. Simpson, “Soliton Switching in a f1 Nonlinear Loop Mirror,” Opt. Lett. 14: 811-813 (1989).

J.D. Moores, K. Bergman, H.A. Haus, and E.P. Ippen, "Optical Switching Using Fiber Ring Reflectors,” J. Opt.
Soc. Am. B, forthcoming; J.D. Moores, K. Bergman, H A. Haus, and E.P. Ippen, “"Demonstration of Optical
Switching Via Solitary Wave Collisions in a Fiber Ring Reflector,” Opt. Lett., forthcoming.

M. Xiao, L. Wu, and H.J. Kimble, “Precision Measurement Beyond the Shot-Noise Limit,” Phys. Rev. Le.l. 53:
278-281 (1987); R.E. Slusher, LW. Hollberg, B. Yurke, J.C. Mertz, and J.F. Valley, "Observation of Squeezed
States Generated by Four-wave Mixing in an Optical Cavity,” Phys. Rev. Lett. 55: 2409-2412 (1985); R.M.
Shelby, M.D. Levenson, S.H. Perimutter, R.G. DeVoe, and D F. Walls, "Broad-band Parametric Deamplification of
Quantum Noise in an Optical Fiber,” Phys. Rev. Lett. 57: 691-694 (1986); S. Machida, Y. Yamamoto, and Y.
Itaya, "Observation of Amplitude Squeezing in a Constant-current -driven Semiconductor Laser,” Phys. Rev. Lett.
58: 1000-1004 (1987).

M. Shirasaki, H. A. Haus, and D.L Wong, “Quantum Theory of the Nonlinear Interferometer,” J. Opt. Soc. Am. B 6:
82-88 (1989); M. Shirasaki and H A Haus, "Squeezing of Pulses in a Nonlinear Interferometer,” J. Opt. Soc Am.
£ 7:.30-34 (1990).
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Experiments using a fiber ring reflector pulse
excited by a mode locked Nd:YAG laser operating
at 1 3 u have been gratifyingly successful.’® Noise
redi.ction greater than 5 dB below the shot noise
ievel in the frequency regime between 40-60 kHz
was observed. Figure 2 shows a histogram of
noise measurements by the balanced detector.
The power of the pump was set at one level and
the noise was measured within 2 millisecond inter-
vals. The phase between the squeezed radiation
and the local oscillator (the recovered pump pulse)
was allowed to drift randomly so that the noise
level varied between its minimum and maximum
value. The black columns give the shot noise cali-
bration obtained by blocking the squeezed radi-
ation from entering the balanced detector. The
reduction below shot noise on the order of 5 db,
as well as the enhancement by more than 5 db.
The asymmetry is due to the unavoidable variation
of squeezing phase across the pump pulse profile.

There are several reasons for the early success of
the experiment. First, the threshold of Stimulated
Brillouin Scattering is raised significantly by the

use of pulses instead of cw excitation so that this
source of classical noise is not operative. Simi-
larly, the observation in the low frequency range of
40-60 kHz avoids the effect of Guided Acoustic
Brillouin Scattering (GAWBS), which has a higher
cutoff frequency. Also, the ring reflector geometry
partially suppresses GAWBS at frequencies lower
than the transit time of the pulse through the fiber
ring. Finally, the modelocked Nd:YAG showed a
noise level in the frequency range of the measure-
ment that was only about 25 dB above the shot
noise levei. The balanced detector could suppress
this relatively low “local oscillator” noise.

1.1.3 Quantum Theory of Solitons

Sponsors

Charles S. Draper Laboratory
Contract DL-H-404179
Joint Services Electronics Program
Contract DAAL0O3-89-C-0001
National Center for Integrated Photonics

10 K. Bergman and H.A. Haus, “Squeezed Puise Vacuum from Fiber-ring Interferometer,” paper presented at
OPTCONBS0, Boston, Massachusetts, November 4-9, 1990, paper FBB4.
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An understanding of the noise associated with
soliton detection necessitates a quantum analysis
of solitons, since the shot noise and the reduction
below the shot noise level (squeezing), are
quantum phenomena. We have pursued this kind
of analysis of solitons of the Nonlinear
Schrodinger Equation (NLSE), both exactly’' and
approximately.'? The approximate analysis is based
on the linearization of the NLSE and is amenable
to simple interpretation. A soliton is found to have

both particle and wave properties simultaneously.
It is described by noncommuting momentum and
position operators, on one hand, and inphase and
quadrature operators (or phase and photon
number operators) on the other hand. Any one of
these operators can be measured with a local
oscillator pulse of properly prepared temporal
amplitude- and phase-profile. An extended
description and analysis will appear in a chapter of
the Springer-Verlag series.

1.1.4 Additive Pulse Modelocking

Sponsors

Joint Services Electronics Program
Contract DAAL0O3-89-C-0001

National Science Foundation
Grant EET 87-00474

U.S. Air Force - Office of Scientific Research
Contract F49620-88-C-0089

Project Staff

Professor Hermann A. Haus, Professor Erich P.
Ippen, Professor James G. Fujimoto, Dr. Giuseppe
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Janice M. Huxley, Joseph M. Jacobson, Yinchieh
Lai, Kohichi R. Tamura

Additive Pulse Modelocking (APM) is a novel
scheme for the production of short pulses, partic-
ularly from solid state lasers with long gain-
relaxation times.'® These laser systems cannot be
modelocked in a way analogous to the dye laser
systems, in which the saturable gain and the
saturable loss cooperate in the pulse shaping
process.

Thus far, most APM systems employ a coupled
cavity system, one cavity containing the laser
medium, the auxiliary ca‘ity containing a Kerr
medium, generally a fiber. The length of the auxil-
jary cavity needs to be stabilized by a feedback
circuit to maintain the relative phase of the pulses
meeting at the coupling mirror between the two
cavities.

11 Y. Lai and H.A. Haus, “Quantum Theory of Solitons in Optical Fibers. |. Time-dependent Hartree Approximation,”
Phys. Rev. A 40: 844-853 (1989); Y. Lai and H.A. Haus, "Quantum Theory of Solitons in Optical Fibers. Il. Exact

Solution,” Phys. Rev. A 40: 854-866 (1989).

2 H.A. Haus and Y. Lai, “Quantum Theory of Soliton Squeezing: A Linearized Approach,” J. Opt. Soc. Am. B 7:

386-388 (1990).

13 E.P. Ippen, H.A. Haus, and L.Y. Liu, "Additive Pulse Mode Locking,” J. Opt. Soc. Am. 8 9: 1736-1745 (1989).
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We have developed the criteria for self-starting of
the APM modelocking process.'* When the
process is self-starting, the need for an internal
modulator is obviated, not only simplifying the
system, but also eliminating the competition
between the modulator frequency and the pulse
repetition frequency. It is this competition that can
render the mode locking process unstable.

We have APM modelocked a flashlamp pumped
Nd:YAG laser achieving 6 ps pulses without sacri-
fice of average power.'® A diode laser pumped
Nd:YAG crystal gave 2 ps modelocked pulses.'®
We have achieved APM action in a Ti:Sapphire
laser in a single cavity, analogous to the system
demonstrated first by Sibbett et al. Generally, it is
necessary to start this system with a moving mirror
in an external cavity.

These experimental results have stimulated theore-
tical work The APM principle applies to any
interferometric transformation of nonlinear phase
modulation to nonlinear amplitude modulation.
The single cavity Ti:Sapphire system operates in
this way, the role of the two arms of an interfer-
ometer being played by two transverse cavity
modes. A theory that conciders many possible
configurations that produc APM action is cur-
rently under investigation.!?

Modelocking of a Ti:Sapphire system with a
saturable absorber in the auxiliary cavity was
found to be insensitive to the length of the auxil-
iary cavity and, therefore, did not require stabiliza-
tion.'® The scientists who discovered the
phenomenon calied it Resonant Pulse
Modelocking (RPM).'® The phenomenon was later
explained as a form of self-stabilized Additive
Pulse Modelocking. The relative phase at the cou-
pling mirror was shown to be maintained by auto-
matic adjustment of the carrier frequency. This

Chapter 1. Optics and Quantum Electronics

theoretical explanation was confirmed exper-
imentally. While this self-stabilization was shown
to work oniy for absorptive nonlinearities in the
auxiliary cavity, the principle is an intriguing one
and deserves further investigation to determine
whether it could be applied to Kerr nonlinearities
as well.

1.1.5 Control of Spontaneous
Emission with Semiconductor
Microcavities

Sponsors
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Optical microcavities hold technological promise
for constructing efficient, high speed semicon-
ductor lasers. One particularly interesting
possiblity is the alteration of the spontaneous
emission rate of the device by the presence of a
cavity. This kind of alteration has previously been
observed with atoms by Professor Kleppner's
group in RLE, but is more difficult to achieve in a
semiconductor device because the broad sponta-
neous emission bandwidth requires cavity dimen-
sians on the order of a wavelength. To determine
the potential feasibility and significance of sponta-
neous emission alteration in these devices, we
have analyzed the radiation modes of oscillating
dipoles in planar (one-dimensional confinement
and optical-wire (two-dimensional confinement)
structures.2®> We found that an idealized planar

14 E.P. Ippen, LY. Liu, and H.A. Haus, “Self-starting Condition for Additive-pulse Mode-locked Lasers,” Opt. Lett.

15: 183-185 (1990).

16 LY. Liu, J.M. Huxley, E.P. Ippen, and H.A. Haus, “Self-starting Additive-pulse Mode Locking of a Nd:YAG Laser,”

Opt. Lett. 15: 5653-555 (1990).

16 J, Goodberlet, J. Jacobson, J.G. Fujimoto, P.A. Schulz, and T.Y. Fan, “Self-starting Additive-pulse Mode-locked
Diode-pumped Nd:YAG Laser,” Opt. Lett. 15: 504-506 (1990).

'7 H.A. Haus, J.G. Fujimoto, and E.P. ippen, "Structures for Additive Pulse Modelocking,” to be submitted.

'8 U. Keller, W. H. Krox, and H. Roskos, “Coupled-cavity Resonant Passive Mode-locked Ti:sapphire Laser,” Opt.

Lett. 15:1377-1379 (1990).

19 H.A. Haus, U. Keller, and W. H. Knox, “"A Theory of Coupled Cavity Modelocking with a Resonant Nonlinearity,”

submitted to J. Opt. Soc. Am. B.

20 S.D. Brorson, H.Yokoyama, and E.P. Ippen, “Spontaneous Emission Rate Alteration in Optical Waveguide Struc-

tures,” /EEE J. Quant. Electron. QE-21: 1492 (1990).
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metallic mirror cavity can suppress the sponta-
neous emission by no more than a factor of two
with respect to i.ee space. The amount of sup-
pression obtainable with a real dielectric stack will
be even less. Theory predicts that much larger
effects could be achieved by restricting the dimen-
sionality to that of the optical wire. It has been
shown that enhancement of spontaneous emission
is more easily observable.2? With GaAs quantum-
wells, monolithically integrated with Fabry-Perot
cavities fabricated at NEC, we have observed
enhancement of emission by a factor of two and a
corresponding reduction in the luminescence life-
time due to cavity effect. Future work on this
topic will rely on advances in the fabrication of
suitable wire or dot devices or improved resonator
structures.

1.1.6 Femtosecond Studies of
Superconductors

Sponsors
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When an ultrashort optical pulse is incident on the
surface of a metal, most of its energy is absorbed
directly, because of the high electron density, into
the free electron gas. The resulting rise in electron
temperature produces a dynamic change in
reflectivity. Relaxation of this change occurs as
the electrons lose energy to the lattice via phonon
emission. The rate is governed by the electron-
phonon coupling strength. Since the strength of
the electron-phonon coupling is an important
component in the BCS theory of supercon-
ductivity, we were motivated to undertake a sys-

tematic study of these dynamics in
superconductors. This was done in collaboration
with Professor M. Dresselhaus’ group. In a series
of experiments,22 we measured A the relaxation
rate, for ten different metals (four superconducting
and six not). The agreement between the values
obtained and those derived from the literature is
strikingly good. The advantages of our method for
measuring A compared with other techniques (e.g.,
tunneling or heat capacity measurements) are that:
(1) itis a direct measurement, (2) it works at room
temperature, and (3) it can be applied to
nonsuperconducting as well as superconducting
samples. In some metals for which the changes in
reflectivity were otherwise too small to detect, we
have also found that thin overlayers of Cu (which
has d-band transitions in the visible) can be used
to greatly enhance the experimental reflectivity
changes without affecting the inherent relaxation
rate. This extends the method to virtually any
metal film.

Encouraged by the success of these results, we
also performed several preliminary pump-probe
reflection and transmission experiments on three
high T. thin films: YBa;Cuz0;_,, Bi,Sr.CaCu,0g,«
and Bi;Sr,Ca;Cuz04¢,, .22 Of course, we do not
have a theoretical framework with which to
connect our experiments to high T. supercon-
ductivity for these materials yet. Nevertheless, in
these preliminary experiments, we have observed
strong changes in observed relaxation rates with
changing T,

1.1.7 Nonlinear Dynamics in Active
Semiconductor Devices
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21 H. Yokoyama, K. Nishi, T. Anan, H. Yamada, S.D. Brorson, and E.P. Ippen, TITLE? App/ Phys. Lett. 57: 24

(1990).

22 S.D. Brorson, A. Kazeroonian, J.S. Moodera, D.W. Face, T.K. Cheng, E.P. Ippen, M.S. Dresselhaus, and G. Dres-
selhaus, "Femtosecond Room-Temperature Measurement of the Electron-Phonon Coupling Constant 4 in Metallic

Superconductors,” Phys. Rev. Lett. 64: 2172 (1990).

23 S.D. Brorson, A. Kazeroonian, D.W. Face, T.K. Cheng, G. L. Doll, M.S. Dresselhaus, G. Dresselhaus, E.P. Ippen, T.
Venkatesan, X.D. Wu, and A. Inam, "Femtosecond Thermomodutlation Study of High-Tc Superconductors,” So/.

State Commun. 74: 1305 (1990).
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Nonliinear optical effects in active waveguides not
only influence the generation and propagation of
ultrashort puises in diode lasers, but they can also
be applied in ali-optical switching. In our labora-
tory, with 100 fs-duration pulses in the 800-900
nm regime (obtained by fiber compression of
synch-pumped dye laser pulses) and with similar
pulses in the 1.45-1.65 um band (from an APM
F-center laser), we have performed the first inves-
tigations of nonlinear dynamic behavior in both
GaAlAs?¢ and InGaAsP 25 devices under various
excitation conditions. By varying the wavelength
of the pump and probe beams, as well as injection
current in our diode structures, we have studied
interactions in the presence of gain, loss, or non-
linear transparency. In all cases, there is an
injected carrier density on the order of 10'8/cm3,
and this makes the nonlinear optical behavior con-
siderably different from what is observed in passive
devices or pure materials.

In both GaAlAs and InGaAsP devices, we have
discovered a strong nonlinearity due to nonequi-
librium between the carrier and lattice temper-
atures. Heating of the carrier gas with respect to
the lattice has a recovery time on the order of 1 ps
in GaAlAs and 650 fs in InGaAsP; and, since
heating occurs via free electron absorption and no
change in carrier number is involved, recovery is
complete. This is a particularly important charac-
teristic for all-optical switching applications. Our
most recent experiments have yielded preliminary
measurements of femtosecond index of refraction
dynamics as well as gain changes in GaAlAs.
Index changes corresponding to optical Kerr effect
and nonequilibrium heating have been observed
and are comparable in magnitude to th